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PREFACE 


The  wire  bond  evaluation  work  has  been  carried  out  under  the  NBS  Elec- 
tronic Technology  Division's  Joint  Program  on  Methods  of  Measurement  for 
Semiconductor  Materials,  Process  Control,  and  Devices.    The  Program  was 
undertaken  in  1968  to  focus  NBS  efforts  to  enhance  the  performance,  in- 
terchangeability,  and  reliability  of  discrete  semiconductor  devices  and 
integrated  circuits  through  improvements  in  methods  of  measurement  for 
use  in  specifying  materials  and  devices  and  in  control  of  device  fabri- 
cation processes.    These  improvements  are  intended  to  lead  to  a  set  of 
measurement  methods  which  have  been  carefully  evaluated  for  technical 
adequacy,  which  are  acceptable  to  both  users  and  suppliers,  which  can 
provide  a  common  basis  for  the  purchase  specifications  of  government 
agencies,  and  which  will  lead  to  greater  economy  in  government  procure- 
ment.    In  addition,  such  methods  will  provide  a  basis  for  controlled  im- 
provements in  essential  device  characteristics,  such  as  uniformity  of 
response  to  radiation  effects. 
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MICROELECTRONIC  ULTRASONIC  BONDING 


Selected  Work  From  the  NBS  Microelectronic  Wire  Bonding  Project 

G.  G.  Harman,  Editor 

ABSTRACT 

This  report  primarily  comprises  excerpts  of  the  work  done  under  the  NBS 
ultrasonic  wire  bonding  program  that  was  previously  published  in  17 
quarterly  and  other  reports.    The  material  is  organized  into  subject 
groupings  with  the  intention  of  presenting  in  convenient  form  sufficient 
information  for  making  high  quality  ultrasonic  wire  bonds  as  well  as  im- 
parting a  basic  understanding  of  the  ultrasonic  systems  used.    The  work 
emphasizes  problems  and  methods  of  solving  them.    To  accomplish  this,  the 
required  measurement  equipment  is  first  introduced.    This  is  followed  by 
procedures  and  techniques  used  in  setting  up  a  bonding  machine, 
and  then  various  machine-  or  operator-induced  reliability  problems  are 
discussed.    The  characterization  of  the  ultrasonic  system  and  its  prob- 
lems are  followed  by  in-process  bonding  studies  and  work  on  the  ultra- 
sonic bonding  (welding)  mechanism.    The  report  concludes  with  a  discussion 
of  various  effects  of  bond  geometry  and  wire  metallurgical  characteristics. 
Where  appropriate,  the  latest,  most  accurate  value  of  a  particular  meas- 
urement has  been  substituted  for  an  earlier  reported  one.    Thus  all  of 
the  included  material  is  up  to  date. 

Key  Words:    Bonding;  degradation  (wire  bond);  discrete  devices;  electri- 
cal interconnection;  fabrication  (wire  bond);  failure  (wire  bond);  hybrid 
circuits;  integrated  circuits;  microelectronics;  reliability;  semiconduc- 
tor devices;  testing  (wire  bond);  ultrasonic  bonding;  wire  bond. 
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INTRODUCTION 


This  report  describes  work  performed  at  NBS  on  ultrasonic  wire  bonding 
for  use  in  microelectronic  devices.    The  work  has  as  its  long-range  ob- 
jective to  survey  and  evaluate  methods  for  characterizing  wire  bond  sys- 
tems in  semiconductor  devices  and,  where  necessary,  to  improve  existing 
methods  or  develop  new  methods  in  order  to  detect  more  reliably  those 
bonds  which  will  eventually  fail. 

Most  of  the  report  has  appeared  in  17  quarterly  and  other  reports  which 
have  been  published  as  NBS  Technical  Notes.    The  number  of  the  NBS  Tech- 
nical Note  from  which  each  portion  of  the  report  was  extracted  is  given 
in  brackets  in  the  margin  at  the  beginning  of  that  portion.    A  list  of 
these  reports,  including  the  page  numbers  of  the  wire  bonding  sections, 
is  given  with  the  references.     Identification  of  those  who  performed  the 
work  is  given  at  the  end  of  each  section,  as  has  been  the  custom  in  the 
quarterly  reports. 

The  material  selected  from  the  previously  published  Technical  Notes  was 
incorporated  into  this  report  with  a  minimum  of  rewriting.    A  new  titling 
system  was  necessitated,  new  introductory  and  summary  paragraphs  were 
added  along  with  conjunctive  sentences  and  phrases.     In  general,  the 
first  reported  development  or  use  of  a  new  technique  was  omitted  if  it 
was  subsequently  studied  and  reported  in  greater  depth.    However,  refer- 
ences to  the  original  work  are  included.    When  appropriate,  the  latest, 
most  accurate  value  of  a  particular  measurement  has  been  substituted  for 
an  earlier  reported  one.    Thus  all  of  the  included  material  may  be  con- 
sidered up  to  date. 

In  order  to  keep  this  publication  to  a  useful  size,  several  wire  bonding 
topics  that  appeared  in  the  quarterly  reports  were  omitted  from  this  re- 
port.   However,  these  are  currently  available  or  will  soon  be  published 
as  separate  NBS  Technical  Notes.    Prominent  among  these  are  the  extensive 
work  on  ultrasonic  ribbon  wire  bonding  done  by  H.  K.  Kessler  and  A.  H. 
Sher  published  as  NBS  Technical  Note  767,*  and  the  many  aspects  of  the 
wire-bond  pull-test  by  K.  0.  Leedy,  C.  A.  Main  and  A.  H.  Sher.  Omitted 
also  were  the  complete  mathematical  solution  of  forces  in  the  wire  for 
the  wire  bond  pull  test,  as  well  as  the  various  references  to  the  bibli- 
ography and  the  comprehensive  survey  of  the  wire  bonding  literature  by 
H.  A.  Schafft.    These  were  recently  published  as  NBS  Technical  Notes  593 
and  726  respectively."'" 


H.  K.  Kessler  and  A.  H.  Sher,  Microelectronic  Interconnection  Bonding 
with  Ribbon  Wire.    NBS  Technical  Note  767  (April  1973). 

H.  A.  Schafft,  Wire-Bond  Electrical  Connections,  Testing,  Fabrication 
and  Degradation  -  A  Bibliography  1957-1971,  NBS  Technical  Note  593 
(Jan  1972).    H.  A.  Schafft,  Testing  and  Fabrication  of  Wire  Bond  Elec- 
trical Connections  -  A  Comprehensive  Survey,  NBS  Technical  Note  726 
(Sept  1972). 
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The  selected  material  is  organized  into  four  major  subject  groupings  with 
the  intention  of  presenting  under  one  cover  pertinent  information  devel- 
oped at  NBS  on  the  process  of  ultrasonic  bonding  to  make  high-quality 
ultrasonic  wire  bonds.    The  required  measurement  equipment  (magnetic 
pickups,  bonding  force  measurement  apparatus,  etc.)  is  introduced  first. 
This  is  followed  by  procedures  used  in  setting  up  a  bonding  machine,  and 
by  a  discussion  of  various  machine-  and  operator-induced  reliability 
problems.    The  characterization  of  the  ultrasonic  system  of  a  bonding 
machine  and  its  problems  are  followed  by  in-process  bonding  studies  and 
work  on  the  ultrasonic  bonding  (welding)  mechanism.    The  report  concludes 
with  some  new,  previously  unpublished,  material  on  various  effects  of 
bond  geometry  and  wire  metallurgical  characteristics. 

G.  G.  Harman,  Editor 
October  1973 


UNITS 


During  the  four  years  of  work  covered  in  this  report  inevitably  there 
have  been  editorial  style  and  usage  changes.    This  is  especially  evident 
with  respect  to  units.     Initially  in  the  quarterly  reports,  the  units 
commonly  employed  in  the  domestic  American  semiconductor  industry  were 
used.     Later  these  common  units  (mixed  English  and  metric)  were  followed 
in  parentheses  by  the  appropriate  International  System  (S.I.)  unit,  and 
in  some  cases  only  International  units  were  used.    In  this  report  the 
common  unit  will  be  given  first,  followed  by  the  rounded  value  of  the 
International  unit  in  parentheses  the  first  time  that  unit  appears  in 
each  subsection.    For  any  remaining  unconverted  length  units  it  should 
be  noted  that  1  mil  =  0.001  in.  =  25.4  ym,  and  the  common  unit  given  in 
bond  pull  strength  tests  is  grams  force  [1  gf  =  9.8  millinewtons  (mN)]. 
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1.0    EQUIPMENT  AND  TECHNIQUES  FOR  MEASUREMENT  AND  CONTROL  OF  ULTRASONIC 
BONDING 

1.1    Measurement  Methods  for  Ultrasonic  Systems  of  Bonding  Machines 

1.1.1    Modifioation  and  Use  of  a  Capacitor  Microphone 

[573]      Amplitude  measurements  of  ultrasonic  bonding  tool  motion  by  means  of  a 

capacitor  microphone  have  been  used  to  characterize  the  ultrasonic  sys-  | 
tems  of  bonding  machines,  diagnose  problems,  and  measure  the  effects  of 
extraneous  motion  on  the  making  of  bonds . 

A  capacitor  microphone,*  without  any  additions,  modifications,  or  ampli- 
fication of  its  output,  can  be  used  to  tune  ultrasonic  wire  (or  flip  chip) 
bonding  machine  transducers  to  their  mechanical  resonance.    A  1/4-in.  or 
1/8-in.   (6.4-or  3.2-mm)  diameter  microphone  produces  a  substantial  output 
voltage  (approximately  0.1  V)  when  brought  close  to  the  vibrating  tool  or 
transducer  horn  end.    However,  the  movement  of  a  person's  hand  or  any 
other  object  within  several  inches  of  the  microphone  may  disrupt  the 
standing  wave  pattem  and  change  the  output  amplitude.     If  such  motion  is 
avoided,  and  the  background  noise  level  is  not  high,  the  mechanical  reso- 
nance frequency  of  the  system  may  be  obtained.    However,  it  is  generally 
necessary  to  obtain  considerably  more  information  than  the  mechanical 
resonance  alone.     In  order  to  trouble-shoot  and  to  reestablish  vibration 
amplitude  of  ultrasonic  wire  bonding  equipment  it  is  essential  to  improve 
the  spatial  resolution  of  the  microphone.  j 

Capacitor  microphones  with  1/4-in.  or  1/8-in.  diameter  diaphragms  nor- 
mally detect  incident  sound  from  relatively  large  angles.    However,  when 
measuring  parameters  of  wire  bonding  systems  it  is  desirable  to  measure 
the  sound  pressure  emitted  near  the  tip  of  a  bonding  tool,  an  area  1/50 
of  the  area  of  the  microphone.     In  order  to  do  this,  the  entrance  to  the 
microphone  must  be  constricted  by  some  means  such  as  by  a  conical  tip. 

^  '  1 

The  design  of  a  tapered  conical  tip  for  focusing  sound  into  the  micro- 
phone is  subject  to  many  practical  constraints  and  uncertainties.  Gen- 
erally, the  volume  of  the  cone  should  be  kept  as  small  as  practical  in  1 
order  to  minimize  standing  waves.     Ideally,  the  cone  is  constructed  of 
thin-walled  steel.    However,  almost  any  continuously  tapered  material  may  ! 
be  used.    For  example,  it  is  completely  adequate  to  construct  a  cone  that  i 
has  the  necessary  physical  dimensions  required  for  making  the  measure-  i 
ment  and  then  insert  appropriate  damping  material  to  eliminate  standing  \ 


Such  units  are  available  from  B  and  K  Instrument  Company,  Cleveland, 
Ohio.    Other  capacitor  microphones  may  serve  the  purpose  just  a;S  well 
but  were  not  available  during  this  work. 
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waves.    A  simple  and  satisfactory  cone  may  be  constructed  by  wrapping 
several  layers  of  aluminum  foil  around  a  tapered  mandrel,  such  as  the  end 
of  a  sharpened  pencil.    Even  the  plastic  cone  from  the  end  of  a  tube  of 
silicon  rubber  can  be  used. 

In  order  to  constrict  the  opening  as  well  as  to  protect  the  small  end  of 
the  steel  cone  from  damage  caused  by  physical  contact  with  hard  objects, 
such  as  tungsten  carbide  bonding  tools,  the  cone  is  usually  coated  with  a 
silicon  rubber  material  (B  in  Fig.  1-1).    A  threaded  metal  sleeve  that 
screws  onto  the  microphone  is  bonded  on  the  large  end  of  the  cone.  The 
cone  is  screwed  onto  the  microphone  and  is  now  ready  to  be  used  for  sim- 
ple measurements,  such  as  peak  tuning  the  mechanical  resonance  of  a  bond- 
ing tool. 

If  reproducible  amplitude  measurements  are  required,  a  small  length, 
[~  0.05  in.  (1.3  mm)],  of  a  hypodermic  needle,  typically  in  the  size 
range  of  #20  to  30  is  inserted  and  bonded  into  a  needle  hole  in  the 
silicon  rubber  (in  A  and  B  of  Fig.  1-1).     For  maximum  signal  strength  and  re- 
producibility this  needle  must  lie  straight  along  the  axis  of  the  cone. 

The  total  extension  of  the  cone  tip  in  front  of  the  microphone  is  about 
1/2  in.  to  3/4  in.  for  a  1/4  in.  diameter  microphone  and  about  3/8  in. 
for  1/8  in.  diametet  microphone.    These  dimensions  are  not  critical.  The 
acoustical  pickup  area  is  defined  by  the  hole  in  the  hollow  needle,   (A  in 
Fig.  1-1)  which  is  typically  chosen  to  be  from  0.004  to  0.15  in.   (0.1  to 
0.38  mm)  in  diameter. 

Microphone  tapered  tips  made  in  the  manner  described  above  provide  essen- 
tially complete  rejection  of  all  ultrasonic  signals  not  entering  through 
the  entrance  hole  when  this  hole  is  positioned  a  few  mils  or  less  from  the 
source.     Extraneous  ultrasonic  sound  waves  are  prevented  from  reaching 
the  microphone  diaphragm  primarily  by  reflection  from  the  outer  surface 
of  the  cone.    Audible  sound,  particularly  if  it  contains  low  frequency 
components,  may  be  transmitted  through  the  cone  walls.    A  simple,  high- 
pass  R-C  filter  (Fig.  1-2)  can  be  placed  at  the  output  of  the  microphone 
and  preamplifier  to  eliminate  such  background  interference. 

For  studying  the  vibration  along  the  entire  length  of  a  bonding  tool 
(Section  2.3.4)    an  amplitude  reproducibility  of  about  ±  5  percent  is  es- 
sential to  obtain  meaningful  results.    This  is  achieved  in  the  following 
manner.    Both  the  source  transducer  and  the  microphone  are  held  in  rigid 
mounts,  and  the  microphone  is  moved  with  a  micrometer  stage.     In  a  given 
vertical  position,  the  steel  tip  of  the  microphone  is  advanced  until  it 
just  touches  the  bottom  of  the  vibrating  tool  as  shown  in  Fig.  1-3.  The 
instant  of  contact  is  clearly  evident  because  "hash"  appears  on  the  os- 
cilloscope display  of  the  microphone  output.    Then  the  tip  is  carefully 
retracted  until  the  "hash"  just  disappears  and  a  clear  sine  wave  is  seen. 
A  reproducible  signal  (50  to  100  mV)  is  obtained  with  this  technique. 
Figure  1-4  shows  a  typical  microphone  holder  and  how  it  is  mounted  on  a 
bonding  machine.  (G.  G.  Harman) 
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Fig.   1-1.  Cross-sectional  view  of  a  high-resolution  extension  tip  for  the 
capacitor  microphone. 

A:     Section  of  hypodermic  needle.     This  can  be  made  from 
size  #20  to  30  but  most  units  were  made  from  #27  or  29 
needles . 

B:     Self-leveling  silicone  rubber  coating 
C:     Red  or  black  silicone  rubber  dot  for  reproducible 
orientation  of  A  with  respect  to  the  bonding  tool 
D:     Steel  or  aluminum  cone 

E:     Cotton  or  open-pore  plastic  foam  damping  material  with 
low  reflection  of  the  ultrasonic  signal 

F:     Stainless  steel  threaded  sleeve   (typically  made  from  a 
microphone  protective  grid) 

G:     Epoxy  or  silicone  rubber  bond  between  the  sleeve,  F, 
and  the  aluminum  cone,  D.      (This  bond  must  be  tight  or 
stray  signals  can  enter  the  microphone  from  the  rear.) 

H:     Dashed  lines  indicate  position  of  microphone 
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A  simple  high  pass  filter,  consisting  of  a  0.002  yF  capacitor  and  a 
4  kQ  resistor,  can  be  inserted  between  the  microphone  preamplifier 
and  the  oscilloscope  to  eliminate  audible  sound. 


Fig.   1-3.  Positioning  of  the  microphone  tip  on  the  bonding  tool.      (A)  is 

the  hollow  steel  needle.      (B)   is  the  bottom  section  of  an  ultra- 
sonic bonding  tool.     The  solid  circle   (front  view)   is  the 
typical  position  for  measuring  vibration  amplitude. 
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II 

Fig.  1-4.     (A)     A  simple  fixture  that  is  made  to  ,clamp  directly  on 

the  bonding  machine  works tage.     The  x  and  y  movements  are  ^ 
obtained  by  using  the  bonding  machine  chessman  positioner.  f 
The  z  movement  is  made  from  an  inexpensive  microscope-  [, 
graduated  mechanical  stage  and  is  adjusted  with  the  knob 
at  the  bottom  of  the  positioner  [more  clearly  shown  in  (B) ] . 
This  picture  displays  a  1/8  in.  diameter  microphone  with  a 
tapered  steel  tip. 

(B)     The  same  fixture  and  microphone  as  in  (A)  mounted  on  a 
bonding  machine  workstage.     (Note:     for  purposes  of  clarity 
the  microphone  is  not  shown  directly  in  line  with  the  trans- 
ducer horn  as  it  would  normally  be  in  use.) 
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1.1.2    Magnetia  Piakups  for  Tuning  and  Establishing 
Vibration  Amplitude 


!  microphone  system  described  in  Section  1.1.1  has  been  used  success-  [573] 
.ly  for  the  laboratory  study  of  the  ultrasonic  systems  used  in  wire 
iding.     It  has  also  been  used  on  semiconductor  device  assembly  lines  to 
le  and  trouble-shoot  ultrasonic  wire  bonding  machines.    However,  it  has 
^eral  disadvantages.    One  important  drawback  is  that  the  precision 
ler  tips  necessary  for  reproducible  measurements  are  difficult  to  make 
[  are  not  available  commercially  at  present.    Secondly,  microphones  are 
atively  expensive,  delicate  instruments  that  must  be  handled  with  care 
qualified  technical  personnel  in  order  to  prevent  damage.     Ideally,  a 
suring  device  for  assembly  line  use  should  be  cheap  and  rugged. 

isideration  of  these  necessary  characteristics  led  to  the  reinvestiga- 
in  of  magnetic  pickups.     It  was  previously  noted  in  this  laboratory 
iS  Tech.  Note  495,  p.  25)  that  magnetic  pickups  were  sensitive  to  the 
•ration  of  bonding  tools.     (Davis  [1]  had  independently  reported  a 
lilar  observation.)    Compared  with  the  microphone,  the  signal  from  the 
[netic  detector  is  relatively  insensitive  to  its  distance  from  the 
•rating  tool.    This  feature  makes  it  easier  to  use  in  reestablishing 
!  tool  tip  vibration  amplitude  after  changing  tools  or  in  retuning. 
rever,  for  the  same  reason,  it  is  less  useful  than  a  microphone  for  in- 
;tigating  the  mechanical  stability  and  trouble  shooting  the  bearings  of 
!  bonding  machine. 

J  electrical  output  of  these  pickups  is  in  the  range  of  10  to  20  mV 
m  measuring  typical  tool  vibration  amplitudes  used  in  bonding  0.001  in 
i  ym)  aluminum  wire.*    This  represents  tool  motion  in  the  vicinity  of 
to  80  yin.   (1  to  2  ym)  peak-to-peak  displacement.    The  spatial  reso- 
;ion,  at  the  bonding  tool,  of  the  presently  available  magnetic  pickups 
about  0.05  in.  (1.25  mm),  which  is  adequate  for  tuning  purposes.  A 
)ical  device  has  concentric  pole  pieces  as  shown  in  Fig.  1-5A.  The 
.ts  are  approximately  1/2  in.   (12.5  mm)  long  and  their  outside  surface 
threaded  with  a  10-32  NF  thread  as  shown  in  Fig.  1-58"^  for 
)  magnetic  pickups,  one  unmounted,  and  the  other  mounted  on  the  end  of 
aluminum  rod.    This  rod  can  be  substituted  for  the  microphone  in  the 
:ture  shown  in  Fig.  1-4.    They  may  be  mounted  on  a  bonding  machine  with 
}  same  fixtures  used  for  holding  microphones  (Fig.  1-4)  as  shown  in 

1-5C.    Other  smaller,  transistor-sized  fixtures  are  possible.  The 
;netic  pickups  are  sensitive  to  stray  magnetic  fields.    Thus,  if  a 


See  footnote  page  ] ] 

Such  units  are  available  from  Electro  Corp.,  Sarasota,  Florida.  Other 
magnetic  units  may  serve  the  purpose  just  as  well  but  were  not  avail- 
able during  this  work. 
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Fig.   1-5.    (A)  Construction  of  a  typical  magnetic  pickup.      (1)  magnetic- 
material  core,    (2)   induction  coil,    (3)  magnetic-material  case, 
(4)  permanent  magnet,    (5)   thin   (0.001  in.)  mylar  tape  film  to 
prevent  the  vibrating  bonding  tool  from  damaging  the  pickup 
core.      (When  applying  the  film,  care  must  be  taken  to  insure 
that  no  air  biibbles  exist  at  the  tape-pickup  interface.) 

(B)  Photographs  of  magnetic  pickups  used  for  measurements  on 
ultrasonic  bonding  machines.     The  small  unit  is  the  detector 
alone,  the  larger  unit  shows  the  detector  mounted  in  a  rod  that 
fits  in  various  microphone  mounts  shown  earlier  in  Fig.  1 -4 » 

(C)  A  magnetic  pickup  mounted  on  a  bonding  machine  ready  for 
measuring  the  bonding  tool  vibration  amplitude. 
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magnetic  chuck  is  used  on  the  work  stage,  its  field  should  be  shunted. 
I  The  center  pole  piece  of  the  pickup  should  be  cleaned  occasional! v  to  re- 
!  move  attached  magnetic  or  other  particles. 

The  technique  for  tuning  and  reestablishing  the  vibration  amplitude  of 
the  bonding  tool  is  to  bring  the  magnetic  pickup  close  to  the  tool  and 
about  0.1  in.  (2.5  mm)  above  its  tip  and  then  adjust  the  pickup  vertically 
downward  until  the  signal  an^litude  is  maximum.    This  amplitude  represents 
the  averaged  motion  of  the  lowest  vibration  loop  of  the  tool.    One  should 
be  sure  that  a  higher  vibration  loop  is  not  measured,  (see  Appendix  for 
the  vibration  pattern  of  tools) . 

Some  magnetic  pickups  have  an  asymmetrical  amplitude  response  in  the 
horizontal  direction.    This  should  be  investigated  when  the  pickup  is 
first  placed  in  service.    A  mark  centered  at  the  maximum  response 
position  will  allow  quick,  reproducible,  horizontal  positioning  of  the 

I  pickup  with  respect  to  the  tool.    After  use,  the  sensitivity  of  a  magnetic 
pickup  may  decrease  suddenly  by      30%,  presumably  due  to  dropping  or 

'  other  damage  to  the  internal  magnet.    Therefore,  it  is  desirable  to  keep 

I  a  second  calibrated  pickup  available  to  confirm  the  cause  of  any  sudden 

!  output  decrease. 

The  above  procedure  should  provide  a  reproducible  amplitude  within  15% 
when  normal  tungsten  carbide  tools  from  the  same  manufacturer  are  com- 
I  pared.*  (H.  K.  Kessler) 

'I 
I 

1.1.3    Laser  Interferometer  for  Making  Quant-itat'lve 

Measurements  of  Bonding  Tool  Vibration  Amplitude 

A  laser  interferometer  system  was  constructed  to  make  quantitative  meas-  [555] 
jj  urements  of  the  vibration  amplitude  of  the  ultrasonic  bonding  tools.  The 
'  principal  of  the  interferometer  has  been  described  by  Clunie  and  Rock  [2]; 

specific  details  were  obtained  from  Martin  [3] .    The  system  uses  a  helium- 
I  neon  milliwatt  laser  in  which  energy  is  emitted  from  both  ends  (approxi- 
mately  90%  from  the  front  and  10%  from  the  rear).    Part  of  the  light  from 
the  front  is  reflected  back  from  the  bonding  tool,  reenters  the  laser 
tube,  modulating  the  inverted  electron  population,  causing  a  significant 


Recently  (1973)  one  bonding  tool  manufacturer  has  used  a  different 
tungsten  carbide  stock  that  presumably  has  more  cobalt  binder.  The 
output  from  a  magnetic  detector  may  be  five  times  higher  from  these 
tools  than  from  normal  ones  vibrating  with  the  same  amplitude  (as 
determined  by  a  laser  interferometer.  Section  1.1.3). 
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change  in  the  light  emitted  from  the  rear  of  the  laser  tube.    This  rear 
beam  is  detected  by  a  high-frequency-response  silicon  diode.     Its  output  , 
is  displayed  on  an  oscilloscope.    The  system  has 

produced  signals  from  a  vibrating  bonding  tool  which  were  similar  to 
those  shown  previously  from  a  conventional  laser  interferometer  (NBS 
Tech.  Note  520,  p.  42) . 

[571]      The  helium-neon  laser  operates  at  a  wavelength  of  0.6328  um;  thus  each  ' 
complete  interference  fringe  is  equivalent  to  a  bonding  tool  displacement 
of  12.5  yin.   (0.316  ym) .    A  typical  interferometer  pattern  obtained  by  I 
reflecting  the  laser  beam  off  a  vibrating  bonding  tool  is  shown  in  Fig.  | 
1-6.    The  picture  was  made  by  photographing  a  single  sweep  of  the  oscil- 
loscope beam.    Approximately  3.2  fringes  appear  between  the  turn-around 
or  end  points  of  the  motion.    This  represents  a  total  displacement  of 
40  yin.   (1  ym)  .  ' 

The  interferometer  system  has  been  used  to  calibrate  ultrasonic  power 
supply  output  control  dial  settings  as  a  function  of  60  kHz  bonding  tool 
motion.    A  typical  example  of  such  a  calibration  is  shown  in  Fig.  1-7. 
Amplitudes  between  30  and  60  yin.  (0.75  and  1.5  ym)  peak-to-peak  are 
typically  used  in  m.aking  1  mil  (25  ym)  diameter  aluminum  wire  bonds  to 
aluminum  bonding  'pads. 

[592]      In  use  the  laser  is  mounted  on  a  stabilized,  portable  tripod  platform 
having  x-,  y-,  and  z-axis  micrometer  positioners  as  shown  in  Fig.  1-8. 
The  interferometer  output  is  displayed  on  an  oscilloscope  (not  shown  in 
the  figure) .    The  system  can  be  set  up  and  optically  aligned  on  any  bond- 
ing machine  or  experimental  setup  in  approximately  5  minutes.    A  complete 
calibration  of  bonding-tool -tip  vibration-amplitude  as  a  function  of 
power  supply  control  setting  takes  only  5  to  10  minutes  of  additional 
time . 

When  using  the  above  system  the  laser  is  not  physically  attached  to  the 
bonding  machine.    Therefore,  small,  low-frequency  room  vibrations,  in 
the  order  of  several  microinches,  will  change  the  output  waveshape  at  the 
end,  or  turn-around  points  of  the  tool  motion.    This  makes  it  impossible 
to  display  the  laser  output  as  a  repetitive  oscilloscope  pattern  and  re- 
quires that  data  be  taken  from  a  single  sweep  of  the  oscilloscope  beam. 
This  can  be  done  either  with  a  memory  oscilloscope  that  has  a  sufficiently 
fast  writing  rate  or  by  photographing  the  interferometer  pattern  from  a 
standard  oscilloscope  trace.    Photographs  have  been  used  in  the  present 
study.    No  room  motion  is  evident  during  the  short  (approximately  20  ys) 
sweep  period,  and  the  photograph  serves  as  a  record  that  may  be  preserved 
for  future  reference. 

In  addition  to  measuring  the  absolute  displacement  of  bonding  tools,  the 
laser  has  been  compared  with  the  capacitor  microphone  for  trouble  shoot- 
ing bonding  machines.    Since  it  is  not  practical  to  design  many  different 
mounting  systems  to  attach  the  laser  rigidly  to  the  variety  of  bonding 
machines  available,  measurements  are  restricted  to  a  single  oscilloscope 
sweep  and  thus  are  not  suitable  for  trouble- shooting  and  diagnostic  work. 
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Fig.  1-6.     Oscilloscope  trace 
of  a  typical  laser 
interferometer 
pattern  obtained 
by  reflecting  a 
0.6328-iJin  laser 
beam  off  the  tip 
of  a  bonding  tool. 
The  3.2  fringes 
between  the  bond- 
ing tool  "turn 
around"  or  end 
points  (shown  by 
the  arrows)  repre- 
sent a  vibration 
amplitude  of  1.0 
ym  (40  yin). 
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Fig.  1-7.     Ultrasonic  power  supply  output  control  dial  setting  as  a 
function  of  the  vibration  amplitude  of  the  bonding  tool  tip.  (The 
driving  frequency  is  60  kHz;  the  control  is  set  to  the  LO  position.) 
Different  power  supply-transducer  combinations  may  produce  significantly 
different  amplitudes  for  the  same  dial  settings  and  bonding  tool  ex- 
tension.    One  combination  produced  200  yin.    (5  ym)  apparently  under  the 
same  conditions. 
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An  example  is  shown  in  Fig.  1-9,  a  single  exposure  photograph  from  a 
double  beam  oscilloscope.    The  upper  pattern  is  a  repetitive  trace  from  a 
capacitor  microphone,  the  lower  is  a  single  trace  from  the  laser  inter- 
ferometer.    Both  instruments  were  directed  toward  the  same  bonding  tool 
on  which  the  set  screw  had  been  loosened.    The  microphone  pattern  clearly 
indicates  that  a  problem  exists,  but  the  single  interferometer  trace  be- 
low does  not  encompass  enough  bonding  tool  vibration  cycles  to  detect  the 
problem.    Thus  at  present  the  laser  is  used  exclusively  fof  absolute  | 
calibration  of  bonding  tool  motion.    This  calibration  can  then  be  trans- 
ferred to  more  portable  measuring  devices,  such  as  magnetic  pickups  and  i 
capacitor  microphones.  (G.  G.  Harman) 

One  problem  with  the  small  commercial  laser  employed  in  the  present  in- 
terferometer is  that  it  is  primarily  a  multimode  device.    For  inter- 
ferometry,  the  unit  must  lase  in  a  single  mode.    Previously  the  laser  had  i 
been  tuned  to  maximum  output  and  then  detuned  to  the  TEMqq  mode.    This  is 
a  critical  adjustment  subject  to  both  amplitude  and  mode  drifting.  Even 
a  few  percent  of  a  higher  mode  creates  an  unacceptable  noise  level  in  the 
detector  output.    At  the  suggestion  of  the  manufacturer,  special  end 
plates  were  made  to  increase  the  laser  cavity  length  by  1  cm.    The  mirror* 
were  reinstalled  and  the  laser  retuned.    This  resulted  in  a  stable  laser 
that  operates  only  in  the  TEMqq  mode  and  therefore  makes  a  better  inter-  , 
ferometer.  (G.  G.  Harman  and  A.  W.  Stallings) ; 

i, 

1.1.4    The  Powder  Method  for  Displaying  Vibration  Nodes  of 
Ultrasonic  Bonding  Tools 

[495]       It  has  been  reported  that  the  resonant  nodes  of  vibrating  bonding  tools 

can  be  delineated  with  lycopodium  powder  [4].  Other  powders,  that  may  be 
more  readily  available,  have  been  found  to  perform  the  same  function  [5]. 

The  technique  for  using  either  of  these  powders  is  to  dip  an  artist's 
brush  into  the  powder  and  lightly  dust  it  on  the  bonding  tool.    Then  a 
very  low  amount  of  ultrasonic  power  is  briefly  applied,  causing  the  powdea 
to  drop  off  everywhere  except  on  the  nodes.    The  application  of  too  much 
ultrasonic  power  or  for  too  long  a  time  may  cause  all  of  the  powder  to 
drop  off.    The  powder  method  can  only  be  used  to  measure  the  unloaded 
vibration  nodes,  since  the  nodes  shift  upward  during  bonding  and  all  of 
the  powder  will  drop  off  (see  5.0  Appendix).  (H.  K.  Kessler) 
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HEAVY  DUTY  TRIPOD  WITH  STA- 
BILIZED BASE 

X-,  Y-,  AND  Z-AXIS  MICROMETER 
ADJUSTMENTS  FOR  AIMING  THE  LASER 
LASER  SYSTEM  WITH  FOCUSING  OPTICS 
NEAREST  THE  BONDING  MACHINE  AND 
DETECTOR  AT  THE  REAR 
BONDING  MACHINE 
LASER  POWER  SUPPLY 


Fig.   1-8.     Laser  system  set-up  for  cali- 
brating ultrasonic  bonding  tool  vibration 
amplitude. 


Fig.  1-9-  A  comparison  between  the  output  of  a  microphone  and  a  laser 
interferometer  simultaneously  monitoring  the  same  loose  bonding  tool. 

The  upper  curve  is  the  output  of  the  capacitor  microphone  and  encom- 
passes about  five  repetitive  traces  with  approximately  5.5  tool  motion 
cycles  in  each  trace.     Distortion  of  the  wave  shape  is  obvious.  The 
horizontal  scale  is  approximately  10  ps/div.     The  lower  curve  is  the 
laser  interferometer  output  resulting  from  a  single  oscilloscope  trace 
covering  approximately  1.5  tool  motion  cycles.     The  horizontal  scale  is 
approximately  2  ys/div. 
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1.2   Techniques,  Apparatus,  and  Test  Methods  for  Assuring 
or  Measuring  Bond  Reproducibility 

1.2.1    An  Ultrasonic  Vibration  Nondestruoti-Oe  Bond  Screen 


[555]      The  use  of  ultrasonic  excitation  on  complete  transistors  and  integrated 
circuits  in  a  liquid  bath  as  a  failure  screen  has  been  reported  [6] .  A 
novel  method  for  testing  individual  bond-pair  quality  which  is  based  on  a 
different  form  of  ultrasonic  excitation  was  devised.    This  test  is  per- 
formed on  an  ultrasonic  bonding  machine  by  touching  the  bond  loop  with 
the  front  tip  of  a  bonding  tool,  as  shown  in  Fig.  1-10,  and  then  applying 
ultrasonic  power  to  the  tool  with  the  power  supply  control  set  near  its 
maximum  value.    The  vibration  which  is  induced  in  the  loop  causes  many 
bonds  to  lift  off  or  break  at  the  heel.    Presumably,  these  bonds  are  weak 
ones  which  would  eventually  fail.     In  contrast  to  these,  ultrasonic  bonds 
made  with  0.001  in.  (25  ym)  diameter  aluminum  wire  having  power,  time, 
and  pressure  settings  adjusted  to  achieve  maximum  bond -pull  strength, 
yield  bonds  with  pull  strengths  in  excess  of  6  grams  force  even  after  ex- 
posure to  such  ultrasonic  excitation  for  more  than  10  s.     In  addition  to 
bond  quality  screening,  the  method  appears  to  offer  a  m.eans  of  assessing 
damage  inflicted  on  a  bond  pair  by  prestressing  or  other  physical  means 
of  evaluating  bond  quality.    Although  there  is  qualitative  agreement  with 
bond  pull  data  on  similar  bonds,  the  method  has  not  been  completely  eval- 
uated.   Optimum  values  have  not  yet  been  established  for  frequency, 
ultrasonic  power,  time  of  exposure  to  the  ultrasonic  vibration,  and  probe 
design.    As  yet  there  has  been  no  statistical  correlation  between  failure 
observed  by  this  test  and  that  observed  by  other  tests.        (G.  G.  Harman) 


1.2.2    An  Automatia  Reoording  ^ire-Bond  Eook-Futling  Apparatus 

[560]      A  new  bond  puller,  pictured  with  its  associated  electronic  equipment  in 
Fig.  1-11,  was  completed.    The  puller  was  designed  so  that  the  bond  pull 
rate  could  be  varied  by  a  factor  of  more  than  10.    The  pull  strength  in 
grams  force,  is  read  out  with  a  specially  constructed  open  core  trans- 
former-magnetic pickup  system.    Data  are  plotted  on  an  x-y  recorder  as 
straight  lines  with  length  in  the  y-  direction  proportional  to  the  output 
signal.    After  each  bond  is  pulled,  the  recorder  pen  is  stepped  along  the 
X-axis.    The  new  wire  pulling  system  has  increased  both  the  speed  and 
accuracy  of  wire  bond  pulling  and  data  recording. 

(H.  K.  Kessler  and  A.  W.  Stallings) 
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FRONT  OF 
BONDING  TOOL 


BONDED  WIRE- LOOP 


Fig.   1-10.    Placement  of  bonding  tool  on  bond  loop  for  ultrasonic  vibration  screening  test. 


Fig.  1-11.    Automatic  wire  bond  pulling  equipment. 

A  -  x-y  recorder  for  automatic  data  recording. 
B  —  Gram  gage  with  magnetic  sensing  device. 
C  -  Optical  microscope. 

D-  Pedestal  for  mounting  bonds  to  be  pulled. 
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1.2.3    Hot  Melt  Glue  Apparatus  for  Pulling  a  Single  Wire  Bond 


[488]      In  order  to  determine  the  strength  of  a  single  bond,  it  has  long  been  as- 
sumed that  the  wire  must  be  pulled  at  the  angle  the  bond  was  made  in  order 
to  minimize  perturbing  effects  such  as  peeling  of  the  bond  which  is  pull- 
angle  dependent.    For  a  thermal  compression  bond  this  direction  is  perpen- 
dicular to  the  surface,  and  for  an  ultrasonic  bond  it  is  typically  30* 
from  the  surface.    As  generally  practiced,  bond  pulling  is  performed  with 
a  hook  placed  somewhere  near  the  middle  of  the  loop.    However,  in  devices 
the  die  and  post  are  frequently  at  different  levels  and  the  exact  loop 
height  and  bond  length  are  seldom  known.    Thus  it  is  almost  impossible  to 
determine  the  actual  direction  and  magnitude  of  the  force  applied  to  the 
bond . 

A  very  simple  method  has  been  devised  to  grip  the  wire  without  deforming 
it  so  that  it  can  then  be  pulled  in  any  desired  direction.     In  order  to 
do  this,  a  hairpin-shaped  loop  of  5-mil  (125-ym)  diameter  nichrome  wire 
was  electrically  insulated  and  attached  to  the  arm  of  a  gram  gage.  The 
tip  of  the  loop  was  electrolytically  etched  down  to  a  2-mil  ,(50-ym)  diam- 
eter.   This  tip  was  then  bent  in  the  shape  of  a  foot.    A  heating  power  of 
about  0.3  W  was  dissipated  in  the  wire  and  the  tip  was  wetted  with  a 
small  dab  of  a  special  hot-melt  glue.     In  operation  the  heated  tip  of 
this  hot -melt  puller  is  lowered  over  the  free  end  of  a  wire  that  has  its 
other  end  bonded  to  a  substrate.    The  power  is  turned  off,  the  glue  cools 
and  the  bond  is  pulled.    The  thermal  time  constant  of  the  system  is  a 
fraction  of  a  second,  therefore,  little  time  is  lost  during  heating  or 
cooling.    The  choice  of  glue  is  very  important.     It  is  desirable  to  use 
one  that  has  a  discrete  melting  point  (preferably  below  200°C  so  that  it 
does  not  anneal  the  wire)  and  that  is  quite  hard  when  cold.    Most  such 
glues  will  bond  well  to  a  5  mil  length  of  1  mil  diameter  aluminum 
wire.    However,  gold  wire  is  more  difficult  for  glues  to  grip,  and  larger 
bonding  areas  have  been  required  to  obtain  sufficient  strength  for  pul- 
ling the  bond. 

The  hot -melt  puller  can  also  be  used  to  test  metallization  adherance  to  a 
substrate.    Considering  an  appropriate  glue  as  having  several  thousand 
pounds  per  square  inch  tensile  strength,  the  force  applied  to  an  aluminum 
metallization  will  be  higher  than  is  applied  by  the  usual  adhesive  tape 
tests  and  can  be  used  to  test  a  much  smaller,  controlled  area. 

The  hot-melt  puller  has  been  used  to  measure  the  tensile  strength  of  1  mil 
aluminum  bonding  wire.     In  initial  tests  with  wire  from  a  single  spool, 
repeated  pulls  to  rupture  on  the  same  (decreasing)  lengths  of  wire  gave 
approximately  the  same  tensile  strength  for  each  successive  pull.  Further 
work  would  be  useful  to  substantiate  this  result.  (G,  G.  Harman) 
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1.2.4    Wire-Quality  Indentation  Tester 


I  A  wire  indentation  tester  was  constructed.    The  system  is  designed  to  sim-  [592] 
'  ulate  the  bonding  operation  insofar  as  the  wire  characteristics  are  con- 
cerned.   The  wire  is  indented  at  regular  intervals  by  a  wedge  with  dimen- 
sions similar  to  those  of  a  bonding  tool.    A  fixed  force  is  applied  to 
the  wire  each  time  and  the  depth  of  impression  is  measured  by  a  displace- 
•  ment  sensor,  and  recorded.    Any  irregularities  can  be  readily  observed 
and  hence  the  pressure  deformation  qualities  of  the  wire  assessed. 

A  series  of  impressions  made  on  three  different  grades  of  1  mil  (25  ym)  [598] 
diameter  aluminum  (1%  silicon)  wire  is  shown  in  Fig.  1-12.    Each  line 
represents  one  impression.     Impressions  were  made  each  1/4  in.   (6.3  mm) 
'  for  a  distance  of  about  12  in.   (0.3  m) .    The  differences  in  uniformity 
can  be  clearly  seen  by  the  variations  at  the  top  of  the  repeated  traces. 
The  higher  the  trace,  the  smaller  the  impression  and  the  harder  the  wire. 
Further  experiments  must  be  conducted  to  establish  the  optimum  depth  of 
impression  to  produce  the  maximum  resolution.    No  correlation  was  found 
between  variability  of  the  wire  impressions  and  the  average  tensile 
strength  of  the  wire  as  measured  with  the  hot-melt-glue  puller  (see 
Section  1.2.3).    The  wire  specified  as  high-quality  for  ultrasonic  bond- 
ing exhibited  considerably  less  variability  in  breaking  strength  measure- 
ments than  the  other  two  samples  which  showed  about  the  same  variability 
when  measured  with  the  puller. 

Several  problems  have  been  observed  that  are  associated  with  the  high 
sensitivity  of  the  displacement  sensor  required  in  this  application. 
These  include  slow  drift* of  the  tester  assembly  due  to  temperature 
changes,  drift  of  the  recorder  and  other  instruments,  and  insufficient 
dust  shielding.    Thus  far  no  method  has  been  devised  for  calibrating  the 
depth  of  impression  on  an  absolute  basis  to  within  the  desired  5  yin 
(0.13  ym) .    Therefore,  the  data  must  be  compared  on  a  relative  basis. 
Additional  development  is  necessary  before  the  wire  tester  can  be  used  to 
evaluate  bonding  wire  quantitatively.  (H.  K.  Kessler) 


1.2.5    Bonding  Forae  Measurement 

The  bonding  force  is  the  most  critical  parameter  in  the  ultrasonic  bond-  [598] 
ing  schedule.    Small  changes  in  the  value  of  the  bonding  force  can  markedly 
'^^  I  affect  the  nature  of  the  bond.    Yet  the  bonding  force  is  measured  on  most 
jbonding  machines  by  a  hand-held  gage,  and  the  value  of  force  obtained  de- 
jpends  greatly  on  the  skill  of  the  operator.    Therefore,  the  force  gage 
'^^  jmounting  fixture  shown  in  Fig.  1-1 3a  was  developed.    To  calibrate  and  ad- 
Ijust  the  force,  the  force  gage  assembly  is  clamped  onto  the  work  stage, 
land  the  power  to  the  bonder  is  switched  off.    The  bonder  cam  assembly  is 
turned  by  hand  through  the  first  search  position  until  the  bonding  tool 
"touches  the  substrate,  then  the  force  gage  arm  is  positioned  horizontally 
in  front  of  the  transducer  horn  close  to  but  not  touching  the  bonding 
tool  (see  Fig.  l-13b).    The  transducer  is  then  lifted  approximately  10  to 
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a.  Wire  rejected  by  a 
device  manufacturer. 


b.     Wire  not  specified 
as  ultrasonic  bonding 
quality. 


c.    Wire  specified  as 
high-quality  for  ultra- 
sonic bonding. 


Fig.  1-12.  Recorder  traces  of  impressions  made  in  three  different  specimens  of  1-mil 
(25  pm)  diameter  aluminum  (1%  silicon)  bonding  wire. 


Fig.  1-13.     Fixture  used  in  measurement  of  bonding  force  (A),  shown 
mounted  on  bonding  machine  (B) . 


20 


I  15  mils  above  the  substrate  and  the  indicated  force  is  read  on  the  gage. 
I  The  same  procedure  should  be  used  for  the  second  bond  position.    The  dif- 
ference in  force  between  the  first  bond  and  second  bond  readings  should 
not  be  more  than  approximately  10  percent.     If  a  higher  value  is 
measured,  it  indicates  that  the  transducer  pivot  bearings  are  too  tight. 
I  Also  if  the  measured  force  changes  more  than  1  or  2  grams  as  the  trans- 
I  ducer  is  lifted  up  approximately  1/8  in.   (3  mm)  then  the  bearings  need 
'  adjustment.  (H.  K.  Kessler  and  A.  W.  Stallings) 


1.2.6    Teohniques  for  Polishing  the  Bonding  Surface  and 
the  Wire  Feed  Hole  of  Bonding  Tools 

A  simple  and  convenient  technique  for  repolishing  the  bonding  face  of  [702] 
I  worn  or  pitted  flat -bonding  tools  has  been  devised.    This  technique  re- 
!  quires  no  specialized  equipment.    A  flat  copper  plate  loaded  with  a  dia- 
mond -bort  paste  is  placed  on  the  work-stage  of  the  bonding  machine.  The 
[!  tool  is  lowered  onto  this  polishing  plate  by  adjusting  the  search -height 
^'  control.    Polishing  is  accomplished  by  moving  the  work  stage  under  the 
stationary  tool  in  a  general  figure-eight  pattern,  while  the  tool  is  ap- 
plied with  a  force  comparable  with  that  used  in  bonding.    During  polish- 
ing, it  is  essential  that  the  bonding  tool  be  perpendicular  to  the  dia- 
mond-loaded copper  plate.    The  tool  is  removed  and  cleaned  ultrasonically 
before  it  is  used  for  bonding.    A  preliminary  evaluation  of  the  method 
was  carried  out  with  diamond  paste  commercially  specified  as  3-ym  particle 
,  size  and  by  polishing  for  1  min.    This  produced  such  a  highly  smooth 
finish  that  the  tool  had  to  be  broken  in  by  making  a  number  of  bonds  at 
high  power.     If  the  tool  is  not  worn,  aluminum  or  gold  buildup  may  be 
cleaned  off  simply  by  rubbing  the  tool -face  with  crocus  cloth.    This  will 
not  abrade  the  tungsten  carbide. 

\\  The  feed  holes  for  round  or  ribbon  wire  in  ultrasonic  bonding  tools  are  [788] 
generally  very  rough  and  have  sharp  edges  on  the  exit  hole  as  a  result  of 
electro -etch-machining.    These  defects  may  scratch  the  surface  of  the 
bonding  wire.    Small  shavings,  which  have  occasionally  been  observed  to 
come  from  the  wire,  could  enter  the  device,  causing  electrical  shorts. 
In  some  cases  the  wire  may  catch  on  the  sharp  points  resulting  in  a  non- 
uniform loop  height.    An  inexpensive,  electric  vibrating  engraving  tool 
'  was  used  to  polish  the  wire  feed  hole  in  the  bonding  tool.    To  do  this  a 
steel  or  bronze  wire  was  fastened  by  a  clamp  or  soldered  to  the  engraving 
tool  tip  and  coated  with  3  ym  diamond  paste.    The  coated  wire  was  in- 
serted into  the  wire  feed  hole  in  the  bonding  tool.    The  vibrating  motion, 
approximately  7200  strokes  per  minute,  polished  the  hole  and  smoothed  the 
edges  in  about  30  s.    Care  has  to  be  taken  to  adjust  the  stroke  of  the 
engraver  to  prevent  the  polishing  wire  from  damaging  the  heel  corner  of 
j  the  bonding  surface.    This  technique  is  also  applicable  to  polishing  the 
j  capillary  hole  in  thermo compression  bonding  tools.  (H.  K.  Kessler) 
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1.2.7    Sint eying  Tempevature  and  Bondahility  of  Alvmvnym 
Metallization 


[527]      An  evaluation  was  made  of  substrates  prepared  with  different  sintering 

temperatures  in  order  to  establish  conditions  which  yielded  reproducible 
bond  strengths,  as  determined  by  a  pull  test.    Silicon  wafers  were  pre- 
pared in  pairs.    One  wafer  of  each  pair  had  a  0.75-ym  thick  layer  of 
thermally- grown  oxide  while  the  other  had  none.    A  0.5-ym  thick  aluminum 
film  was  evaporated  on  each  wafer.    An  array  of  square  bonding  pads  was 
produced  by  standard  photolithographic  methods.    The  wafer  pairs  were 
sintered  for  15  min  at  425,  500,  550,  and  575°C  in  a  helium  atmosphere. 

Ultrasonic  bonds  were  made  on  each  specimen  with  0.001-in.  diameter  alu- 
minum wire  at  various  power  settings  of  the  ultrasonic  wire  bonder.  The 
single-loop  wire  bond  strength  was  measured  by  a  pull  test  with  a  simple 
hook  at  the  center  of  the  loop.     By  means  of  a  one-sided  t-test  at  a  95 
percent  confidence  level  [7] ,  it  was  found  that  the  oxidized  specimens 
sintered  at  500  and  550*'C  were  statistically  similar  and  that  they  both 
yielded  higher  pull  strength  than  the  oxidized  specimens  sintered  at 
either  425  or  575*C.    For  the  unoxidized  specimens,  the  curves  were  un- 
even and  the  results  were  inconclusive. 

(K.  0.  Leedy,  J.  K.  Madello,  and  J.  Krawczyk) 
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2.0    THE  ULTRASONIC  BONDING  MACHINE 


2.1    Setup  and  Checkout  Procedures 
t  2.1.1  Intvoduation 

{ 

In  order  to  make  reproducible  bonds  it  is  necessary  to  first  determine 
j  the  optimum  bonding  schedule  (combination  of  ultrasonic  power,  time  and 
j  bonding  force)  for  the  materials  being  bonded.    Generally  such  a  bonding 

schedule  is  established  empirically  for  each  integrated  circuit  type  or 
I  transistor  package. 

After  obtaining  the  schedule  it  is  essential  to  maintain  it  for  as  long 
as  that  type  of  device  is  being  assembled.    Simple  quick  measurements  of 
the  ultrasonic  system  should  be  carried  out  daily  on  a  routine  basis. 

I 

2.1.2    Initial  Procedures* 


A  new  ultrasonic  bonding  machine  was  acquired  to  be  used  for  the  statis-  [598] 
;)  j  tical  analysis  of  various  bonding  parameters.     Initial  experiments  were 
performed  to  establish  the  optimum  operating  parameters  for  the  new 
machine.    These  are  the  values  of  force,  time,  and  ultrasonic  power  which 
yield  the  most  repeatable  pull  strengths  for  a  group  of  consecutively 
j  made  bonds.    The  results  of  this  initial  work  are  reported  to  indicate 
I  the  methods  that  are  presently  used  to  set  up  the  bonding  machine.  From 
previous  experience,  acceptable  force  values  for  1-mil  (25-vim)  diameter 
aluminum  wire  lie  between  20  and  30  gf  (196  and  294  mN) .     (See  Section 
1.2.5  for  measurement  methods.)     Initial  experiments  included  four  such 
values:    21,  24,  27,  and  30  gf  (206,  235,  264,  and  294  mN) ,    At  each  of 
these  force  settings,  four  values  of  time  were  selected:    47,  75,  100, 
and  130  ms.    For  each  of  the  combinations  of  force  and  time,  bonds  were 
made  at  five  or  six  different  power  settings,  from  the  lowest  to  the 
highest  power  setting  that  is  possible  to  make  a  bond.    At  a  power  level 
that  is  too  low,  the  wire  does  not  stick  to  the  pad.    At  too  high  a  power 
level,  the  bond  is  so  greatly  deformed  that  it  is  severed  at  the  heel 
during  bonding.    The  reported  data  lie  within  these  two  extremes. 

Bonds  were  made  in  groups  of  10  at  each  of  the  different  combinations  of 
force,  time,  and  power  for  the  first  bond  and  then  repeated  separately 
for  the  second  bond.  Bonds  were  tested  by  pulling  to  destruction.  In 
order  that  the  first  bond  be  tested  independently  of  the  second,  epoxy 
was  placed  over  the  second  bonds  of  the  bond  loops  to  prevent  breakage 
at  that  point.  The  first  bonds  were  similarly  epoxied  when  testing  the 
second  bonds.     In  all,  186  groups  of  10  bonds  each  were  tested. 


*  See  also  Section  4.5,  p.  94 
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The  best  results  obtained  for  first  and  second  bonds  are  shown  in  Figs. 
2-1  and  2-2,  respectively.     In  each  case  the  bonding  force  was  27  gf  (264 
mN) ;  the  bonding  time  was  47  ms  for  the  first  bond  and  100  ms  for  the 
second  bond.    Each  point  on  the  graph  represents  the  average  pull  strength  I 
for  10  bonds  made  on  a  single  level  with  a  ratio  of  bond  separation  to 
loop  height,  d/h,  equal  to  2.5.    The  measured  pull  strength  should  be 
multiplied  by  approximately  0.8  to  give  the  actual  force  in  the  wire  at 
breakage.     In  general,  the  shape  of  the  curves  for  the  first  and  second 
bonds  differed,  particularly  in  the  low-power  regions.    The  pull  strength 
of  the  second  bond  drops  to  a  lower  value  before  lift-off  occurs  than  is 
the  case  for  the  first  bond.     In  the  high-power  region,  however,  the  pull 
strength  for  the  first  bond  falls  off  more  rapidly  than  that  of  the  second 
bond.    The  reasons  for  this  behavior  are  not  fully  understood  but  may  be 
related  to  the  crack  that  exists  in  the  heel  of  the  first  bond.    The  error 
bars  in  both  figures,  which  represent  the  95  percent  confidence  interval 
for  the  mean,  are  at  least  twice  as  large  as  desired,  apparently  resulting, 
from  problems  with  the  wire  clamp  and  loop  height  control,  «j| 

The  next  step  in  the  optimizing  procedure  is  to  select  a  specific  force  « 
setting  and  choose  reduced  power  and  time  ranges  based  on  th-e  data  ob- 
tained.   The  experiment  is  then  repeated  and  further  reduced  ranges  are 
selected  until  the  single  best  operating  point  is  obtained.     It  should  be  i 
noted  that  the  values  of  the  bonding  machine  parameters  chosen  as  optimum  ! 
are  not  selected  on  the  basis  of  the  highest  pull  strength  but  rather  on  jj 
the  basis  of  those  settings  that  resulted  in  bonds  with  the  most  repro-  | 
ducible  pull  strengths.    This  procedure  should  yield  sample  standard 
deviations  ~  1  gf.  (K.  0.  Leedy  and  C.  A.  Main)  j 

I 

2.1.3    Daily  Check  Out  Prooedure  ij 


[560]      A  check-out  procedure  for  the  bonding  machine  has  been  established  and  is  j 
implemented  each  work-day  morning.    The  ultrasonic  power  supply  is  tuned  ■ 
for  the  desired  vibration  amplitude  of  the  bonding  tool  tip  using  a  magne- 
tic detector  (section  1.1.2).     Five  bond  pairs  are  made  and  pulled  to  de- 
struction.   The  pull  strength  results  are  recorded,  and  the  average  value 
and  sample  standard  deviation  for  the  set  are  determined.    Over  a  period  c 
three  weeks,  the  average  wire  bond  pull  strength  was  8.9  grams  forcet  (87 
mN) .    The  sample  standard  deviation  varied  between  0.25  and  0.85  grams  foi 


The  selection  of  five  bond  pairs  per  group  is  based  on  statistical 
considerations  regarding  the  estimation  of  the  mean  of  a  population 
from  a  single  sample  (see  M.  G.  Natrella,  Experimental  Statistics, 
NBS  Handbook  91,  August  1,  1963,  pp  2-10). 

It  should  be  noted  that  these  bonds  are  single-level  bonds  made  under 
ideal  conditions  and  that  they  are  neither  annealed  nor  environmentally 
tested  before  being  pulled. 
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Fig.   2-1.  Measured  bond  pull  strength  for  a  first  bond  as  a 
function  of  machine  power  setting. 
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Fig.   2-2.    Measured  bond  pull  strength  for  a  second  bond  as  a 
function  of  machine  power  setting. 


25 


(2.4,  and  8.3  mN) .    The  standard  deviation  is  of  particular  interest  since 
the  small  value  indicates  that  the  bonding  process  is  carried  out  repro- 
ducibly.    Further  evidence  of  the  reproducibility  is  the  fact  that  the 
mode  of  failure  is  always  a  break  at  the  heel  of  the  first  bond.  These 
results  support  the  conclusion  that  the  machine  parameters  and  other 
variables  are  under  sufficient  control  that  bonds  made  on  this  bonding 
machine  with  the  chosen  operating  conditions  are  satisfactory  for  use  in 
studies  of  the  pull  test. 

(K.  0.  Leedy) 


2.1.4    Tune-up  Proaedupe  and  Reestdbtishment  of  Vibration 
Amplitude:    General  Trouble-Shooting  Methods* 


[573]      In  order  to  use  a  capacitor  microphone  or  magnetic  pickup  for  tuning  and 
trouble-shooting  an  ultrasonic  wire  bonding  machine,  a  suitable  holding 
fixture  must  be  used.    Such  fixtures  were  shown  in  Fig.  1-4  and  1-5. 
Many  other  designs  are  possible.     In  general,  however,  a  fixture  of  the 
above  type  is  advantageous  because,  as  will  be  discussed  in  section 
2.2.1,  it  permits  measurements  of  mechanical  looseness  and  spurious 
motion  of  the  transducer  mount  with  respect  to  the  work- stage  that  holds 
the  device  to  be  bonded. 

The  following  procedure  should  be  considered  as  a  general  guideline  for 
tuning  ultrasonic  bonding  machines.    Variations  of  this  procedure  may  be 
desirable  for  tuning  particular  machines  or  in  special  circumstances.  It 
is  desirable  to  keep  day-to-day  records  of  bonding  parameters  as  a  means 
of  determining  long-term  frequency  and  amplitude  drift  from  the  desired 
bonding  schedule.    For  maximum  reproducibility,  microphone  measurements 
must  be  made  each  time  with  the  bonding  machine  in  the  same  part  of  its 
cycle,  usually  the  "start"  or  "reset"  position.    The  entire  procedure 
should  take  only  a  minute  or  so  longer  than  is  normally  required  to  chang^ 
a  bonding  tool  and  retune  the  ultrasonic  system. 


(1)    Position  the  microphone  or  magnetic  pickup  (detector)  on  the 
bonding  machine  as  was  shown  in  Fig.  l-4b.    Adjust  the 
tip  of  the  detector  slightly  above  the  bottom  of  the  bonding 
tool  as  shown  in  Fig.  1-3.    After  an  appropriate  warm-up  time, 
turn  on  the  test  switch  of  the  ultrasonic  power  supply  and  hold 
it  on  for  a  short  time  (preferably  not  over  one  or  two  minutes) 
with,  if  necessary,  a  rubber  band  or  other  mechanical  means.  , 
Advance  the  detector  tip  until  it  lightly  touches  the  vibrating; 
bonding  needle  and  "hash"  appears  on  the  oscilloscope.  Then 
back  it  off  until  it  just  barely  clears  the  needle.    The  "hash" 
disappears  and  a  clear  60  kHz  sine  wave  signal  is  seen.  The 
microphone  is  then  adjusted  upward  or  downward  for  maximum 
amplitude. 


This  section  was  extracted  from  Tech.  Note  573  and  that  publication 
(available  on  request)  should  be  consulted  for  more  details. 
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(2)  Observe  and  record  the  60  kHz  sine-wave  amplitude  as  read  from 
an  oscilloscope.    This  is  a  very  important  step  that  permits 
the  reestablishment  of  this  amplitude  at  the  end  of  the  tione-up 
procedure . 

(3)  If  the  bonding  tool  is  to  be  changed  or  adjusted,  do  so  at  this 
time.    Move  the  detector  to  the  side  without  changing  its  ver- 
tical height  and  remove  the  old  tool .     Insert  the  new  tool  to 
the  measured  extension  and  tighten  the  set  screw  with  a  torque 
wrench  to  its  recommended  torque  (20  to  25  in-oz  for  a  #2  screw) . 

(4)  Reposition  the  detector  as  in  (1). 

(5)  Peak  tune  the  frequency  on  the  power  supply  to  produce  maximum 
vibration  amplitude  of  the  tool.     (It  is  preferred  that  an  os- 
cilloscope be  used  as  the  indicator  rather  than  a  meter,  so 
that  the  output  waveshape  can  be  carefully  observed  for 
asymmetries.)   Turn  the  power  control  from  zero  to  maximum  on 
the  scale  (Hi  or  Lo)  normally  used  in  bonding.     If  any  wave- 
shape asymmetries  exist  or  if  the  amplitude  does  not  increase 
linearly,  tighten  the  set  screw  to  its  recommended  torque,  re- 
place the  tool,  or  both.     If  the  waveshape  still  does  not  re- 
turn to  a  pure  sine  wave  or  the  ultrasonic  amplitude  does  not 
increase  approximately  linearly  with  power,  then  there  is  a 
problem  in  the  power  supply,  the  transducer,  or  its  mount.  The 
latter  condition  often  can  be  improved  by  tightening  the  mount 
screw,  slightly  moving  the  position  of  the  transducer  in  its 
mount,  etc.    (see  discussion  below). 

(6)  After  tuning  according  to  step  (5)  if  the  measured  vibration 
amplitude  does  not  return  to  within  10  or  15  percent  of  the 
value  recorded  in  step  (2),  then  readjust  the  power  control  to 
return  the  amplitude  to  this  value.    This  is  the  most  important 
single  step  in  these  instructions!    The  bonding  machine  is  now 
ready  to  resume  the  same  bonding  schedule  established  previous 
to  step  (1)  . 

(7)  The  transducer  is  temperature  sensitive;  thus  if  a  high  intensity 
illuminator  burns  out  or  if  there  are  other  reasons  to  suspect 
significant  temperature  change,  tune  the  system  as  above  when 
the  new  equilibrium  has  been  established. 

Several  ultrasonic  power  supply  manufacturers  specify  meter  tuning  of 
their  equipment  at  much  higher  power  levels  than  are  generally  used  for 
wire  bonding.     In  many  cases  the  power  supply  meter  will  not  indicate  the 
peak  mechanical  resonance  of  the  transducer.    Even  if  it  does,  the  reso- 
nance frequency  may  be  power  sensitive,  and  the  unit  will  not  be  properly 
tuned  when  it  is  used  at  normal  power  levels.    This  situation  can  be 
quickly  diagnosed  with  a  microphone  or  magnetic  pickup.    First  tune  the 
bonder  at  the  specified  conditions.    Then  lower  the  power  to  that  of  the 
normal  bonding  range  and  retune  according  to  step  (5)  above.     If  the 
lower-power  resonant  frequency  is  different  from  the  higher  power  one, 
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then  a  transducer-tool  interaction,  a  transducer -mount  interaction,  or 
most  probably  a  faulty  transducer  is  indicated.    The  tool  should  be 
changed  to  eliminate  the  possibility  of  transducer-tool  problems.  After 
this,  a  verification  of  these  problems  can  be  obtained  by  measuring  the 
detector  output  versus  power-dial -control  setting  of  the  ultrasonic  power 
supply.    The  curve  should  be  approximately  linear.     If  it  saturates,  de- 
creases at  high  power,  or  requires  continual  peak  tuning,  then  transducer 
and/or  mount  problems  exist. 

A  further  indication  of  trouble  can  frequently  be  seen  by  a  nonlinearity 
in  the  oscilloscope  wave  shape  display  of  the  microphone  output  during 
the  linearity  test  or  after  changing  the  tool.    An  illustrated  discussion 
of  this  problem  is  given  in  section  2.3.6.    In  general,  all  problems  that 
cause  non-linear  wave  forms  increase  in  severity  as  the  power  is  increased, 
A  bonding  machine-transducer  combination  may  be  linear  and  perform  well 
for  bonding  1  mil  wire  (<  1  watt  of  power),  but  show  severe  distortion, 
tool  amplitude  loading,  etc,  when  used  to  bond  thick  wire  at      5  watts 
or  greater.    A  transducer-mount  interaction  can  often  be  corrected  by 
tightening  the  mount  screw  and/or  by  adjusting  the  transducer  slightly 
backward  or  forward  in  its  mount.     If  this  does  not  help,  then  the  prob- 
lem is  most  likely  in  the  transducer,  which  should  be  changed.    The  trans- 
ducer mounts  on  some  older  bonding  machines  may  have  been  inadequately 
designed  and  even  changing  the  transducer  will  not  help. 

With  some  bonding  machines,  large  bond  deformations  ('v  2-3  wire  diameters) 
may  occur  repeatedly  on  the  first  and/or  second  bond  even  when  the  ultra- 
sonic power  is  reduced.     Such  deformations  may  be  attributed  to  an  ultra- 
sonic system  malfunction.    However,  the  condition  more  often  results  from 
mechanical  problems,  such  as  worn  or  nicked  cams,  broken  or  poorly  ad- 
justed transducer  bearings,  excessive  bonding  force,  or  any  other  mechani- 
cal condition  that  will  cause  too  high  an  initial  impact  force  of  the  tool 
against  the  wire.    To  diagnose  this  condition  a  series  of  bonds  should  be 
made  with  progressively  decreasing  ultrasonic  power.    The  deformation 
should  decrease.    The  impact  deformation  of  the  wire  with  zero  ultrasonic 
power  should  be  <  1.5  wire  diameters.     If  larger,  then  one  or  more  of  the 
above  mentioned  mechanical  problems  is  indicated,  rather  than  the  ultra- 
sonic system.  (G.  G.  Harman  and  H,  K,  Kessler) 
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I  2.2    Some  Mechanical  Problems  of  Bonding  Machines 

2.2.1    Low  Fvequenoy  Motion  and  Bond  Formation 

Low-frequency  differential -motion  between  the  bonding  tool  and  the  bond- 
ing pad  during  ultrasonic  bonding  is  a  major  cause  of  unreliable  bonds. 
Such  motion  can  originate  from  within  the  bonding  machine  due  to  the 
torque  of  its  programming  motor  and  cams,  from  various  forms  of  operator 
movement,  or  from  external  motion  such  as  building  vibration.    On  assembly 
lines,  often  as  many  as  10  bonders  are  placed  close  together  on  a  single 
long  table.    Vibrations  originating  from  one  machine  or  operator  may  in- 
I terfere  with  bonds  made  on  adjacent  machines.     Bonders  are  frequently  in- 
i,  I  stalled  on  upper  floors  of  buildings  and/or  close  to  heavy  machinery  or 
i  both.    Vibrations  can  often  be  felt  by  merely  touching  a  table  or 
jwall.    This  becomes  meaningful  when  one  realizes  that  any  vibrations  which 
' can  be  sensed  in  this  manner  represent  motions  in  the  order  of  1  mil 
(25  ym) ,  and  that  wave  cancellation  and  reinforcements  can  result  in  much 
of  the  vibration  amplitude  appearing  as  differential  motion  between  the 
bonding  tool  and  the  device.    This  can  seriously  affect  the  quality  of 
-    ultrasonic  bonds  made  with  small  diameter  wire  {y  1  mil). 

The  conclusions  to  be  drawn  from  the  following  work  are:     (1)  Extraneous 
motion  is  the  major  cause  of  bond  to  bond  deformation  variations  and  a 
J  I  significant  cause  of  unreliable  bonds;  (2)  the  operator  should  be 

cautioned  about  the  detrimental  effect  that  her  own  movements  can  have  on 
I  bond  formation;  (3)  each  bonding  machine  should  be  placed  on  a  separate 
table;  (4)  bonding  assembly  lines  should  be  located  in  a  vibration  free 
environment,  preferably  on  a  ground-level  cement-slab  floor. 

J  |j  Capacitor-microphone  displacement  measurements  revealed  a  lack  of  mechani-  [555] 
cal  rigidity  in  some  bonding  machines  (NBS  Tech.  Note  527,  p.  39).  This 
results  in  undesired  movement  of  the  bonding  tool,  held  by  the  transducer, 
with  respect  to  the  transistor  or  integrated  circuit,  held  by  the  work 
stage.    Such  movement  can  be  transmitted  to  the  machine  in  a  number  of 
ways,  including  motion  of  the  bonding  operator's  arm  as  it  rests  on  the 

1     machine,  motion  of  the  work  stage  as  a  result  of  loose  mechanical  toler- 
ances due  to  poor  design  or  wear,  or  operator  movement  if  the  work  stage 
is  rotated  by  hand.     In  the  last  case  it  has  been  observed  that  a  slight 
twitch  of  the  operator's  hand  can  result  in  work  stage  movement  on  a 
typical  machine  of  greater  than  0.001  in.   (25  ym).   With  respect  to  machine 
instability,  the  torque  of  the  programming  cam  motor  may  produce  detri- 
mental vibrations.     If  any  of  these  occur  during  the  actual  bonding 
period,  a  lift-off  or  low  pull-strength  bond  may  result.      (G.  G.  Harman) 
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2.2.2    Motion  Perpendicular  to  the  Wire 


[555]      Experiments  were  conducted  in  which  work-stage  motion  was  intentionally  | 
introduced  during  the  bonding  period  to  characterize  the  effects  of  such  | 
motion.     Sideway  motion  was  introduced  by  mechanically  driving  the  work 
stage  with  an  electro-mechanical  transducer  at  various  frequencies  and 
displacements.     Bonds  were  observed  visually  and  with  the  scanning  elec- 
tron microscope.    As  the  degree  of  motion  increased,  the  bond  deformation 
began  to  vary  widely  from  bond  to  bond  and  an  increasingly  greater  number  I 
of  lift-off  bonds  were  produced.    With  motion  in  the  order  of  0.001  in.  ' 
(25  ym)  more  than  half  of  the  bonds  lifted  off.  ;: 

Examples  of  lift-off  patterns  for  bonds  made  while  the  work  stage  had  an 
intentional  sideways  motion  of  less  than  0.0005  in.  (13  ym)  are  shown  in  ' 
Fig.  2-3.    This  amount  of  motion  has  been  frequently  observed  in  typical 
bonding  machine  installations  on  commercial  production  lines.    While  the 
effects  of  the  motion  are  clearly  apparent  when  the  pattern  is  examined 
with  a  scanning  electron  microscope,  they  would  be  difficult  to  recognize 
from  examination  with  an  optical  microscope. 

(K.  0.  Leedy  and  G.  G.  Harman) 

2.2.3    Motion  Pajcallel  to  the  Wire 


[571]  Motion  was  introduced  parallel  to  the  wire  direction  and  ultrasonic  tool  | 
motion  at  20  Hz  to  simulate  building  vibrations  and  60  Hz  to  simulate  | 
electrical  equipment  vibration. 

The  relative  positions  of  the  wire  and  tool  during  formation  of  the  first 
bond  are  indicated  in  Fig.  2-4.     It  is  in  this  position  that  the  normally 
sharp  heel  of  the  tool  deforms  the  wire  during  bonding  j 
shape.    The  greatest  effect  of  the  front-to-back  motion  is  on  the  heel  ! 
shape;  increased  motion  results  in  more  deformation  and  cracking.  The 
extent  of  this  depends  on  the  radius  of  the  tool  heel.    Three  tools  with 
different  heel  radii  were  used  in  the  test.    One  had  a  sharp  heel  with  no 
intentional  radius;  heel  radii  of  the  others  were  specified  as  0.2  and 
1.0  mil  (5  and  13  ym) .    Motion  amplitudes  of  approximately  0.2,  0.4  and 
one  mil  (5  ym,  10  ym,  and  25  ym)  were  used  at  both  the  20-Hz  and  60-Hz 
driving  frequencies.    SEM  photomicrographs  of  typical  bonds  made  under 
these  conditions  are  shown  in  Fig.  2-5.    A  bond  made  with  the  sharp-heeledj 
tool  under  ordinary  conditions  without  motion  is  shown  in  Fig.  2-5a. 
There  is  only  a  small  crack  in  the  heel;  both  other  tools  produced  similar 
bonds  under  this  condition.    For  0.2  mil  motion  at  20  Hz,  the  crack  in 
the  heel  was  slightly  enlarged,  but  the  actual  shape  of  the  bond  was  not 
greatly  different  from  the  case  of  no  motion.    For  10-ym  motion  at  20  Hz, 
the  sharp-heeled  tool  almost  severed  the  wire  from  the  bond  as  shown  in 
Fig.  2-5b.     Increasing  the  motion  to  one  mil  often  caused  the  wire  to 
break.    For  the  tool  with  a  0.2  mil  heel  radius  less  heel  damage  occurred. 
Although  the  heel  was  thinned,  cracking  was  not  severe.    The  deformation 
of  the  wire  increased  with  motion,  often  by  a  factor  of  two  in  going  from  : 
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a:    Magnification:   460  X. 


b:     Magnification:   475  X. 


Fig.  2-3.  SEM  photomicrographs  of  lift-ofi  patterns  of  bonds  made  with  moderate 

(<0.0005  in.)  sideways  motion  of  the  work  stage  during  bonding.     In  both  cases, 
some  sideways  tearing  of  the  bond  is  evident.     Additional  evidence  of  motion  in 
case  a  is  the  incomplete  wire-to-metallization  imprint  on  the  left  side  of  the 
pattern,  and  in  case  b,  the  smoothing  of  a  portion  of  the  normally  rough  weld 
surface. 


Fig.  2-4.  Relative  positions  of  wire  and  bond- 
ing tool  tip  just  prior  to  formation 
of  the  first  bond. 
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1  ^ 


a:    No  motion;  Magnification  650  x, 


c:    Amplitude:    'v-  25  ym;  Frequency; 
20  Hz;  Magnification:    600  x. 


b:    Amplitude:    'x-  10  ym;  Frequency; 
20  Hz;  Magnification:     1100  x. 


d:    Amplitude:    '^10  ym;  Frequency: 
60  Hz;  Magnification:    550  x. 


Fig.  2-5.    SEM  photomicrographs  of  typical  first-bonds  made  with  various 
relative  front-to-back  motion  between  bonding  tool  and  work 
stage. 


32 


no  motion  to  one  mil  motion,  but  the  wire  was  not  cut.    An  example  of  a 
j  bond  made  with  the  0.2  mil  heel  radius  and  one  mil  motion  at  20  Hz  is 
1   shown  in  Fig.  2-5c. 

j  Motion  at  60  Hz  produced  similar  results  but  the  deformation  was  increased. 

!   For  example,  0.2  mil  motion  at  60  Hz  caused  the  bond  to  have  an  appearance 
similar  to  that  of  one  made  with  0.4  mil  motion  at  20  Hz.    An  example  of  a 

,1   bond  made  with  the  0.5  mil  heel  radius  and  0.4  mil  motion  at  60  Hz,  shown 

I    in  Fig.  2-5d,  illustrates  the  thinning  at  the  heel  that  accompanies  the 
increased  deformation.    As  expected,  typical  bond  shapes  for  bonds  made 
with  the  tool  with  a  0.2  mil  heel  radius  under  the  different  motion  condi- 
tions were  between  the  two  extremes  just  described. 

Two  catastrophic  failure  modes  due  to  parallel  motion  are  illustrated  in 
Fig.  2-6.  Actual  severance  of  the  wire  due  to  cutting  by  the  sharp  heel 
is  shown  in  Fig.  2-6a.  Lift-off  which  occurs  when  the  motion  has  broken 
the  weld  at  the  wire-metallization  interface  is  shown  in  Fig.  2-6b.  The 
type  of  failure  mode  depends  on  the  portion  of  the  bonding  cycle  in  which 

:   the  maximum  motion  occurs.    Higher  frequency  motion  tends  to  produce 

\   greater  but  more  reproducible  damage  at  lower  displacements,  since  several 

[   cycles  of  motion  may  be  integrated  over  the  bonding  period. 

|r  (K.  0.  Leedy  and  G.  G.  Harman) 

j  2.2.4    Self-Induoed  Motion  in  Bonding  Machines 

] 

An  electromagnetic  displacement  sensor  (described  in  NBS  Tech.  Note  560,  [571] 
p.  37)  was  used  to  seek  the  source  of  the  extraneous  self  induced  motions 
which  have  been  observed  in  bonding  machines.     In  this  application  of  the 
sensor,  part  of  the  detector  is  mounted  on  the  machine  housing  and  the 
other  part  is  clamped  to  the  work  stage. 

The  most  severe  motions  were  found  in  the  side-to-side  and  vertical 
directions.     In  the  side-to -side  direction,  the  upper  part  of  the  bonding 
machine  moved  in  relation  to  the  work  stage  during  both  the  first  and 
second  bond  cycles.    A  support  bracket  was  made  and  mounted  between  upper 
and  lower  bonder  parts  to  decrease  the  movement.     In  addition  to  the  move- 
I    {  ment,  a  vibration,  which  results  principally  from  the  starting  torque  of 
I   '  the  stepping  motor  and  camshaft  assembly,  was  observed.     In  the  vertical 
direction,  no  movement  such  as  that  observed  in  the  side-to-side  direction 
is  seen. 

A  typical  oscillogram  of  the  motion  between  the  machine  housing,  which  [592] 
supports  the  bonding  tool,  and  the  work  stage  with  the  motor  and  all  cams 
operating  is  shown  in  Fig.  2-7.    The  indicated  motion  is  in  the  side-to- 
side  direction.    The  trace  in  Fig.  2 -7a  covers  the  part  of  the  bonding 
cycle  from  first  search  through  bonding  to  loop  formation.    The  upper 
trace  displays  the  ultrasonic  bonding  pulse  to  indicate  when  the  bonding 
occurs.    The  lower  curve,  on  the  same  time  scale,  shows  the  various  self- 
induced  bonding  machine  vibrations.    Maximum  vibration  amplitudes  of 
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a:     First  search  position  through  bonding  and  into  loop  position. 


illlMI 

f!]!i  \r'i  f  •»  I-  " 

b:     Second  search  position  through  bonding  and  wire  cutoff  to  reset 
position. 


Fig.  2-7. 

Measurement  of  the  self -induced  vibrations  of  a  bonding 
machine.      The  upper  trace  displays  the  ultrasonic  bonding  pulse.  The 
lower  trace  gives  the  output  of  the  displacement  sensor.     The  vertical 
scale  for  the  lower  trace  (displacement)  is  2.5  ym/div.     The  horizontal 
scale  for  both  traces  is  100  ms/div. 
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about  0.5  mil  (13  ym)  peak-to-peak  that  occur  during  and  immediately  af- 
ter the  bond  is  formed  are  indicated  by  fluctuations  in  the  envelope 
amplitude. 

The  trace  in  Fig.  2-7b  covers  the  next  part  of  the  bonding  cycle  from 
second  search,  through  second  bonding  and  wire  cutoff,  to  the  start  or 
reset  position.    A  temporary  displacement  of  the  housing  which  occurred 
earlier  in  the  cycle  continued  until  wire  cutoff,  at  which  time  the 
housing  moved  back  to  its  original  position  accompanied  by  large  vibrations 
with  an  initial  amplitude  approaching  0.5  mil.    After  this,  the  vibrations 
damped  out  as  the  machine  reached  its  starting  position  and  the  cam  motor 
stopped. 

A  vibration  study  was  made  of  each  individual  cam,  including  the  operating 
levers,  in  order  to  determine  in  which  cam  and  lever  combination  the  vi- 
bration originated.     It  was  found  that  each  cam  and  lever  has  its  own 
vibration  characteristics,  but  if  all  cams  and  levers  are  operating,  some 
vibrations  are  amplified  and  others  are  cancelled  out.        (H.  K.  Kessler) 

2.2.5    Wive  Ctcmp  Pvohlems 

[527]      Bonds  from  several  devices  selected  from  the  output  of  operational  pro- 
duction lines  were  examined  with  the  scanning  electron  microscope  (SEM) . 

The  crack  at  the  bond  heel  shown  in  Fig.  2-8a  is  a  feature  of  all  first 
bonds  made  on  these  production  lines.     In  addition,  deep  indentations 
were  observed  on  the  sides  of  the  wire.     It  has  been  determined  by  addi- 
tional SEM  photographs  that  these  marks  are  produced  by  the  jaws  of  the 
clamping  system  through  which  the  wire  is  fed  from  the  spool  to  the  bond- 
ing tool.     In  addition  to  marring  the  surface  finish,  these  imprints 
could  work-harden  the  wire  and  thus  affect  bonding  conditions.  Occasion- 
ally the  wire  twists  after  passing  through  the  clamping  system,  and  the 
indented  portion  then  becomes  a  part  of  the  actual  bond  interface  as 
shown  in  Fig.  2-8b.    Of  particular  concern  is  the  possibility  of  contami- 
nation from  the  clamp  becoming  embedded  in  the  wire  and  directly  inter- 
fering with  the  bonding  process.     Since  the  twists,  such  as  those  depicted 
in  Fixg.  2-8b,  occur  only  occasionally  and  since  not  all  of  these  need  be 
significantly  contaminated,  the  possibility  should  be  considered  that  this 
may  be  a  cause  of  occasional,  otherwise  unexplained  weak  bonds.  One 
solution  to  this  problem  is  to  use  large,  2  inch  diameter,  wire  spools 
instead  of  the  more  usual  1/2  inch  spools.    Wire  from  the  large  spools 
shows  little  tendency  to  twist.    Also  the  wire  clamps  should  be  polished 
and  the  clamping  force  should  be  minimized.  (K.  0.  Leedy) 
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a:     Normal  clamp  mark  configuration. 


Fig.   2-8.    SEM  photomicrographs  (575X)  of  aluminum  ultrasonic  wire 
bonds  showing  heel  crack  and  clamp  marks.     The  clamp 
marks  appear  on  both  sides  of  the  wire. 
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2.3    Characterization  of  the  Ultrasonic  Systems  Employed 
and  Various  Problems  Encountered  in  Their  Use 

2.3.1    Temperature  CharaoteTistiQS  of  Transducers 

[520]      Under  some  conditions,  ambient  temperature  variations  may  detune  the  res- 
onant frequency  of  transducers.    Therefore,  a  study  was  made  to  determine 
the  temperature  dependence  of  transducers  having  both  ferrite  and  nickel 
magnetostrictive  ultrasonic  elements.    A  linear  temperature  coefficient 
of  17  to  20  Hz/°C  over  a  range  of  18  to  30*0  was  measured  for  both 
types  of  transducers.    This  value  is  consistent  with  the  expansion  char- 
acteristics of  the  stainless  steel  parts  and  is  satisfactorily  low  for 
normal  bonding  machine  use.    However,  some  modem  bonding  machines  have 
multiple  high  intensity  lamps  that  illuminate  an  extended  area  around  the 
work.    Since  these  lamps  are  capable  of  heating  the  transducer  by  5  or 
10°  C,  changes  in  the  illumination  can  cause  measurable  changes  in  the 
operating  characteristics  of  the  transducer  if  the  ultrasonic  system  Q  is 
greater  than  approximately  100.    As  the  transducer  warms  up,  the  resonant 
frequency  will  drift  downward  100  to  200  Hz.    Thus  to  obtain  reproducible 
bonding  conditions  with  a  particular  ultrasonic  system  having  a  Q  of 

[527]      ~  135  (see  Fig.  2-19c)  it  was  necessary  to  preheat  the  transducer  by 

turning  the  lights  on  for  several  hours  prior  to  bonding,  or  to  put  heat 
absorbing  filters  in  front  of  the  lamps.  (G.  G.  Harman) 

2.3.2    Transducer  Efficiency  Variations  Observed  on  Assembly  Lines 

[598]      Four  visits  were  made  to  semiconductor  device  producers  at  the  request  of 
sponsors.    Calibrated  microphones  and  magnetic  pickups  were  distributed 
along  with  copies  of  instructions  for  their  use  (NBS  Tech.  Note  573). 
Measurements  were  made  of  the  ultrasonic  vibration  amplitude  of  the  bond- 
ing machines  at  each  site.    Even  though  all  lines  had  identical  equipment, 
significant  variations  in  tool  tip  vibration  amplitude  and  bonding  time 
were  found.    Twenty-five  percent  variations  were  common.    However,  on  one 
production  line,  a  factor  of  two  variation  in  power  supply  power  dial 
settings  was  observed  to  produce  the  same  tool  tip  vibration  amplitude 
from  one  bonding  machine  to  the  next.    This  is  attributed  to  variations 
in  transducer  conversion  efficiency  rather  than  to  properties  of  the 
power  supply.     In  another  case,  involving  the  least  efficient  transducer, 
the  technician  had  apparently  been  unwilling  to  increase  the  power  dial 
setting  sufficiently  to  compensate  for  the  transducer  inefficiency;  in- 
stead he  increased  the  bonding  time  in  order  to  establish  good  bonding. 
As  it  turned  out,  that  machine  produced  the  most  reliable  bonds  on  that 
assembly  line,  so  it  would  appear  that  an  optimum  bonding  schedule  had 
been  fortuitously  achieved  on  this  one  machine.    Although  the  intuition 
of  a  good  technician  is  valuable  in  setting  up  a  bonding  machine,  only  by 
actual  measurement  of  the  tool  vibration  amplitude  is  it  possible  to  set 
up  a  known  bonding  schedule  on  a  number  of  apparently  identical  bonding 
machines.  (G.  G.  Harman  and  K.  K.  Kessler) 
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2.3.3    Laboratory  Setup  for  Measuring  Transduaer 
and  Tool  Vibration  Characteristzas 


:  In  order  to  accurately  study  the  vibration  modes  of  bonding  tools  in  var-  [520] 
ious  experiments  it  was  necessary  to  design  a  mount  that  would  rigidly 
hold  both  the  microphone  and  the  transducer,  but  allow  controlled  vertical 
and  horizontal  displacement  as  required.    The  apparatus  is  shown  in  Fig. 
2-9.     In  addition  to  micrometer-controlled  translational  movement  along 
three  perpendicular  axes,  the  microphone  can  be  rotated  ±135  deg.  around 

( the  tool  in  order  to  observe  sideways  and  other  modes  of  vibration. 

i 
I 

2.3.4    Bonding  Toot  Vibration  Modes 

I j Investigation  of  the  unloaded  vibration  amplitude  along  the  entire  tool  [527] 
i    length  has  shown  that  the  tool  extension  above  the  horn  can  significantly 
t  [J  affect  the  resonant  frequency  and  other  characteristics  of  the  trans - 
e  N ducer-tool  system.    The  data  shown  in  Fig.  2-lOa  were  taken  from  the  same 
tool,  driven  under  the  same  conditions  as  were  used  to  obtain  the  data 
I  for  curve  c  of  Fig.  2-19.     In  this  case  the  residual  extension  above  the 
j  top  of  the  horn  is  approximately  a  resonant  length.    Under  similar  con- 
)  jditions,  different  bonding  tools  have  been  observed  to  have  amplitude 
maxima  above  the  horn  greater  than  ten  times  those  below  the  horn.  Since 
the  normal  specified  tool  tolerance  is  ±  0.015  in.*  (0.38  mm)  and  since 
only  the  tool  extension  below  the  horn  is  measured  when  mounting  a  new 
tool,  it  is  possible  that  the  residual  extension  above  the  horn  can  vary 
as  much  as  0.03  in.   (0.76  mm)  from  tool  to  tool.    When  the  measurement 
f    was  repeated  with  a  different  tool,  0.013  in.   (0.033  mm)  longer  than  the 
one  used  in  the  measurement  shown  in  Fig.  2 -10a,  the  amplitude  of  the  top 
portion  was  similar  to  that  of  the  bottom.    The  changes  in  system  resonant 
frequency  and  mechanical  Q  which  result  from  large  resonances  at  the  top 
of  the  tool  require  significant  adjustment  of  the  ultrasonic  power  supply 
power -control -setting  to  reestablish  the  original  bonding  tool  motion, 
le    It  was  also  observed  that,  when  the  maximum  above  the  horn  was  as  much  as 
ten  times  that  below,  these  parameters  become  critically  dependent  on  the 
tightening  torque  applied  to  the  bonding  tool  set  screw.    Fig.  2 -10b 
gives  the  unloaded  vibration  modal  pattern  for  a  short  bonding  tool. 

(G.  G.  Harman) 


by|.  

*    All  except  one  of  the  tools  used  in  this  study  were  well  within  the 
Ir)        specification  limits.    This  suggests  that  tool  length  tolerances  can 
I       be  tightened  considerably. 
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Fig.  2-9.    Precision  ultrasonic  transducer-microphone 
mounting  apparatus 


Ultrasonic  transducer 
Transducer  mount 
Tapered  horn 
Bonding  tool 
Capacitor  microphone 
Tapered  tip 

Graduated  scale  for  rotation 
Y-axis  micrometer 
X-axis  micrometer 
Z-axis  micrometer 
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2.3.5    Effect  of  Loading  on  Tool  VihTation  Modes 


j  It  is  to  be  expected  that  the  vibration  characteristics  of  the  tool  set 
\  to  a  normal  extension  will  be  modified  somewhat  during  bonding  because  of 
the  loading  on  the  tool;  the  mechanical  Q  of  the  loaded  transducer-tool 
combination  will  be  lowered.    Preliminary  measurements  of  the  standing 
wave  pattern  of  long  (0.828  in.)  bonding  tools  under  load  show  that  the 
position  of  the  lowest  node  shifts  only  a  small  amount  {y  0.015  in.). 
I  The  shift  was  found  to  be  in  a  direction  away  from  the  end  of  the  tool, 
i  The  observed  shift  was  sufficiently  small  that  it  alone  does  not  appear 
i  to  affect  the  maximum  vibration  amplitude  at  the  tip.    Under  this  load 
condition,  the  resonance  curve  broadens  and  the  effective  Q  is  reduced. 
Thus  for  the  0.828"  tool,  the  ability  to  maintain  the  tool  tip  amplitude 
constant  under  load  conditions  depends  to  a  large  degree  on  the  feedback 
characteristics  of  the  transducer  power  supply.     (See  also  section  3.1.4-5) 

i 

■  2.3.6    Tvansduaer-Mount  Interaction  Prohlems 


Some  transducer -mount  problems  with  respect  to  bonding  machine  tune-up 
procedures  were  given  in  section  2.1.4.     Knowledge  of  the  existence  of 
such  problems  led  to  the  following  study  to  characterize  and  understand 
them. 

The  effects  of  mount  design  on  the  vibration  amplitude  of  the  bonding  [520] 
tool  tip  were  examined.    As  was  seen  in  Fig.  2-9,  the  transducer-tool  as- 
sembly is  held  in  a  fixed  mount.     It  is  essential  that  this  be  done  in 
such  a  way  that  absorption  of  ultrasonic  energy  into  the  mount  is  mini- 
mized.   A  transducer  manufacturer  has  provided  tables  [7]  of  design  di- 
mensions which  should  be  avoided  for  various  materials  because  of  the 
possibility  of  resonant  reflections. 

Different  transducer  mounts  were  made  and  tested  with  several  commercial 
transducer -tool  assemblies.     In  one  poor  mounting  condition,  the  wave 
form  shown  in  Fig.  2-11  was  observed.    This  wave  form  apparently  results 
I  when  some  of  the  transducer  energy  is  absorbed  into  the  mount  at  a  sub- 
f  harmonic  rate.    Under  another  condition,  hash  was  observed  at  the  peak 
'  of  an  otherwise  normal  sine  wave.    An  improperly  mounted  transducer  can 
have  different  resonance  frequencies  as  the  applied  power  is  changed. 
Also  energy  can  be  absorbed  by  screws  on  the  mount,  near  but  not  neces- 
sarily contacting  the  transducer.    Since  polytetrafluoroethylene  (PTFE) 
is  an  excellent  ultrasonic  damping  material,  this  absorption  can  be  re- 
duced by  wrapping  each  screw  with  PTFE  plumbing  pipe-tape  before  insertion. 

These  problems  do  not  depend  solely  on  the  mount  characteristics,  but 
rather  on  the  transducer -mount  combination.     In  a  particular  transducer 
mount  that  was  carefully  designed  to  avoid  resonant  dimensions,  one  com- 
mercial transducer  lost  energy  by  subharmonic  absorption,  but  another 
transducer  from  a  different  commercial  source  functioned  satisfactorily. 
It  was  also  noted  that  most  of  the  above  characteristics  are  power 
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VIBRATION  AMPLITUDE  CRELATIVE  VALUES") 

Fig.  2-10.  The  unloaded  vibration  modes  of  two  normal  tungsten-carbide 
ultrasonic-bonding-tools  set  at  typical  extensions  below  the  transducer 
horn.  The  dotted  area  near  the  top  of  each  figure  represents  the  phy- 
sical position  of  the  transducer,  and  its  extension  to  the  left  of  the 
bonding  tool  indicates  its  relative  vibration  amplitude.  The  symmetry 
of  the  vibration  is  indicated  by  the  dashed  curve  in  Fig.  2-lOa.  This 
mirror  image  curve  is  omitted  in  most  subsequent  figures. 


Fig.  2-11.     Unusual  wave  form  obtained  with  the  capacitor 
microphone.    This  wave  form  results  from  a  transducer 
mount  resonance  that  absorbs  power  at  half  the  excitation 
rate  (30  kHz  rate  when  the  transducer  is  driven  at  60  kHz) . 
Similar  patterns  have  resulted  from  loose  bonding  tools. 
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,  sensitive.    Below  some  threshold  there  is  usually  no  evidence  of  absorp- 
tion into  the  mount.    As  the  power  control  setting  is  increased,  more 

I  power  may  be  absorbed  into  the  mount  instead  of  driving  the  tool.  At 
still  higher  levels  this  power  absorption  may  decrease.    As  a  result,  it 
cannot  always  be  assumed  that  the  vibration  amplitude  of  the  tool  tip 

:  will  always  increase  at  the  same  rate  as  the  power  control  setting. 

It  has  also  been  verified  that  these  effects  can  exist  on  commercial 
ultrasonic  bonding  machines.    Direct  observation  of  the  vibration  ampli- 
tude of  the  tool  tip  by  means  of  a  capacitor  microphone  has  been  shown  to 
I  be  an  effective  means  of  establishing  whether  or  not  power  is  being  trans- 
!  mitted  to  the  tool.  (G.  G.  Harman) 


2.3.7    Modifiaation  of  the  Transducer  Q 

\  Since  mechanical  resonance  curves  measured  with  a  capacitor  microphone  [527 
have  been  very  useful  in  characterizing  ultrasonic  wire  bonders,  a  simple 
system  of  generating  them  was  constructed.    A  small,  variable  capacitor 
with  a  linear  potentiometer  attached  to  its  shaft  is  connected  across  the 
oscillator  coil  of  the  ultrasonic  power  supply.    The  potentiometer  is 
used  to  control  the  voltage  which  is  applied  to  the  horizontal  input  of 
an  oscilloscope.    When  the  capacitor  is  manually  tuned,  a  complete  reso- 
nance curve  is  generated,  picked  up  by  the  microphone,  and  displayed  on 
the  oscilloscope.    Such  a  system  permits  the  rapid  comparison  of  resonant 
curves  taken  under  different  conditions. 

In  order  to  lower  its  mechanical  Q,  a  series  of  holes  was  drilled  in  the 
horn  of  an  older  transducer  as  shown  in  Fig.  2-12a.    The  resonance  curve 
with  the  unmodified  transducer  obtained  with  the  above  system  is  shown  in 
Fig.  2-12b.    The  initial  Q  of  this  particular  transducer -tool -power  supply 
combination  was  165.    After  the  modification,  the  Q  dropped  to  125  as 
shown  in  Fig.  2-12c,  a  decrease  of  approximately  25  percent.    The  mechan- 
ical resonant  frequency  decreased  2.6  kHz.    For  both  measurements  the 
same  bonding  tool  and  power  supply  were  used  and  the  bonding  tool  exten- 
sion and  power  supply  settings  were  reproduced  as  accurately  as  possible. 
Thus  it  can  be  seen  that  by  means  of  a  simple  modification  the  mechanical 
Q  of  an  existing  transducer  can  be  lowered  significantly  while  the  frequency 
and  amplitude  remain  essentially  unchanged.    The  broader  resonance  peak 
obtained  in  this  way  reduces  the  detuning  effects  of  thermal  environmental 
changes  and  instabilities  in  the  oscillator.  (H.  K.  Kessler) 
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Fig.  2-12.    Modification  of  transducer  horn  to  reduce  the  mechanical  Q. 

a:    Sketch  of  hole  placement.     (A,  B,  C,  and  D:  0.080-in. 

diameter  holes,  E:    0.120-in.  diameter  hole.) 
b:    Resonance  curve  of  unmodified  transducer.  (Horizontal 

scale  —  250  Hz/div.) 
c:    Resonance  curve  of  modified  transducer.  (Horizontal 

scale  —  250  Hz/div.) 
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I  2.3.8    Resonanoe  Dominated  by  a  Critiaal 

Extension  of  the  Toot 

'  A  dramatic  indication  of  the  effect  of  tool  extension  can  be  seen  from 
the  frequency  dependence  of  the  tip  vibration  amplitude  as  shown  in  Fig. 
2-13  and  2-14.    For  the  0.375-in.   (9.5-mm),  tool  extension  there  is  a 
double  resonance  peak  with  very  large  amplitudes  at  the  resonances.  After 
removal  and  reinsertion  of  the  tool  to  an  extension  of  0.325  in.   (8.2  mm), 
the  curve  with  a  single  peak  which  has  amplitude,  resonant  frequency,  and 
shape  typical  of  normal  bonding  is  observed.    The  standing  wave  pattern 
observed  with  the  bonder  tuned  to  the  59  kHz  resonance  peak  of  Fig.  2-13 
is  shown  in  Fig.  2-14.     In  this  case  the  vibration  amplitude  at  the  tool 

I  tip  is  the  largest  amplitude  measured  during  this  series  of  experiments, 
but  the  vibration  amplitude  of  the  upper  portion  of  the  tool  is  smaller 
than  usually  observed.    The  power  control  setting  was  that  normally  used 
for  bonding  0.001 -in.  (25 -ym)  diameter  aluminum  wire. 

The  results  of  these  studies  confirm  that  the  normally  stated  unloaded 
electrical  Q  of  a  transducer  has  no  significance  insofar  as  the  vibration 
characteristics  of  the  bonding  tool  are  concerned.    Not  only  does  the 
mechanical  Q  of  a  particular  transducer-tool  combination  depend  on  the 
method  of  electrical  drive  (section  2.3.10)  but  it  also  depends  on  the 
length  and  extension  of  the  bonding  tool.    The  mechanical  Q  may  be  changed 
as  much  as  a  factor  of  2  by  varying  the  tool  extension  within  the  range 
specified  by  the  manufacturer. 

2.3.9    Bonding  Tool  Vibration  Amplitude  Variations  Resulting 
from  Removal  and  Replaaement  of  the  Tool 


The  amplitude  of  ultrasonic  vibration  along  the  length  of  the  bonding 
tool  was  studied  on  many  different  tools  inserted  to  various  extensions. 
The  standing  wave  patterns  in  Fig.  2-15  demonstrate  the  changes  which  may 
occur  when  the  same  tool  is  removed  from  the  horn  and  reinserted  to  a 
slightly  shorter  tip  extension.    The  tool  tip  vibration  amplitude  changes 
substantially  as  does  the  amplitude  of  the  standing  wave  pattern  above 
and  below  the  horn.    The  same  power  setting  was  used  for  both  measure- 
ments, and  the  driving  frequency  required  to  maximize  the  tip  vibration 
amplitude  changed  only  slightly  (about  50  Hz) . 

As  shown  in  Fig.  2-16  similar  changes  occur  when  the  tool  is  removed  and 
reinserted  to  within  0.002  in.  of  the  same  extension.    The  results  of  a 
similar  experiment  carried  out  on  a  short  tool  driven  by  a  different 
transducer  and  type  of  power  supply  are  shown  in  Fig.  2-17.     In  this  case 
the  tip  amplitude  remains  essentially  the  same;  however,  the  standing 
wave  pattern  changes  markedly. 
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Fig.   2-13.  Mechanical  resonance  curves  for  the  same  tool  set  at  two 
different  extensions  below  the  horn.     The  control  setting 
of  the  ultrasonic  power  supply  was  identical  for  both  curves. 
The  maximum  amplitude  in  curve  B  is  typical  of  conditions 
used  for  bonding  0.001-in.  aluminum  wire. 
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Fig.  2-14.     Vibration  modes  o£  a  long 
ultrasonic  bonding  tool  which  demonstrates 
unusually  large  resonance  effects.  These 
measurements  were  made  with  the  ultrasonic 
system  tuned  to  the  59  kHz  resonance  peak 
of  Fig.  2-13  curve  A.  Amplitudes  are 
relative  values  consistent  within  a  given 
figure;  they  cannot  be  compared  directly 
with  other  figures.     The  amplitude  and 
position  of  the  transducer  horn  (the 
dotted  portion)  are  measured  at  its  tip. 
Since  the  horn  is  tapered,  the  tool  ex- 
tension cannot  be  precisely  measured 
from  the  figure. 
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Fig.  2-15.  Vibrational  amplitude  of  a  long  ultra- 
sonic bonding  tool. 

A:     A  bonding  tool  extended  0.350 

in.  below  the  horn. 
B:     The  same  bonding  tool  ex- 
tended 0.335  in.  below  the 
horn. 

The  vibrational  amplitude  of  the  horn, 
which  is  in  general  less  than  that  of 
the  tool,  is  shown  in  the  center  part 
of  the  figure.     Data  for  both  ex- 
tensions were  taken  with  the  same 
power  setting  on  the  ultrasonic  supply, 
although  the  frequency  was  retuned 
slightly  for  maximum  amplitude  in  each 
case.     Amplitudes  are  relative  values 
consistent  within  a  given  figure; 
they  cannot  be  compared  directly  with 
other  figures.     The  amplitudes  and 
position  of  the  horn  are  measured  at 
Its  tip.     Since  the  horn  is  tapered, 
the  tool  extension  cannot  be  meas- 
ured from  the  figure.     Rounding  of  the 
amplitude  curve  at  the  tool  extremities 
can  be  attributed  to  edge  effects. 


Fig.  2-16.  Vibrational  amplitude  of  a  long  ultra- 
sonic bonding  tool.     The  tool  was  re- 
moved after  taking  the  data  for  A  and 
then  replaced  to  the  same  extension 
for  taking  the  data  for  B.     The  vib- 
rational amplitude  of  the  horn,  which 
is  in  general  less  than  that  of  the 
tool,  is  shown  in  the  center  part  of 
the  figure.     Data  for  both  extensions 
were  taken  with  the  same  power  setting 
on  the  ultrasonic  supply,  although  the 
frequency  was  retuned  slightly  for 
maximum  amplitude  in  each  case.  Ampli- 
tudes are  relative  values  consistent 
within  a  given  figure;  they  cannot  be 
compared  directly  with  other  figures. 
The  amplitudes  and  position  of  the 
horn  are  measured  at  its  tip.  Since 
the  horn  is  tapered,  the  tool  ex- 
tension cannot  be  measured  from  the 
figure.    Rounding  of  the  amplitude 
at  the  tool  extremities  can  be  attrib- 
uted to  edge  effects. 
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It  appears  that  once  a  tool  is  firmly  clamped  in  position,  it  will  main- 
tain the  same  tip  motion  for  given  drive  and  temperature  conditions,  until 
removed.    This  suggests  that  it  would  be  feasible  to  establish  the  bonding 
schedule  from  measurements  of  tip  vibration  amplitude  after  each  tool 
change  or  adjustment.    Either  a  capacitor  microphone  or  a  magnetic  pickup 
could  be  used  for  this  purpose  (section  1.1.1  and  1.1.2). 

A  series  of  experiments  was  conducted  to  establish  the  origin  of  the 
variability  in  the  vibration  amplitude  of  the  tool  tip  and  to  ensure  that 
the  variability  was  not  due  to  faulty  measurement  equipment  or  techniques. 
Measurements  on  tools  which  have  not  been  moved  can  be  repeated  to  within 
about  5  percent.     It  is  apparent  that  the  principal  difficulty  rests  with 
irregularities  in  the  shape  of  the  tool  hole  in  the  transducer  horn,  and 
with  irregularities  in  the  set  screw  which  clamps  the  tool  in  place.  A 
typical  hole  in  a  relatively  new  transducer  horn  is  shown  in  Fig.  2-18. 
Irregular  ridges  with  a  height  about  0.001  in.   (25  ym)  can  be  readily 
seen,  and  there  is  evidence  of  metal  bent  outward  during  the  threading  of 
the  set  screw  hole.     Because  of  these  irregularities,  the  tool  would  not 
necessarily  be  driven  from  the  same  point  on  its  length  each  time  it  was 
reinserted  and  clamped.    This  is  equivalent  to  inserting  the  tool  to  a 
different  depth  each  time  even  though  the  gage  block  measurement  between 
horn  and  tool  tip  remains  unchanged.    Furthermore,  the  set  screw  wears 
with  use  and  probably  will  not  always  clamp  the  tool  in  the  same  position. 
Some  improvement  can  be  obtained  if  the  tool  holes  were  drilled,  reamed, 
and  polished.    Even  under  such  conditions,  a  tolerance  of      0.0002  in. 
(5  urn)  is  about  the  best  that  could  be  expected,  and  this,  combined  with  a 
similar  tolerance  which  is  customarily  specified  on  the  radius  of  tungsten 
carbide  bonding  tools  can  result  in  a  misfit  many  times  the  vibra- 
tion amplitude.    After  prolonged  use  the  tool  may  wear  the  edge  of  the 
hole  and  increase  the  problem. 

There  are  several  possible  solutions  to  these  problems.    A  simple 
remedy  for  set  screw  wear  is  to  replace  it  every  time  the  bonding  tool  is 
changed.     It  was  also  found  that  a  more  reproducible  contact  between  the 
set  screw  and  tool  can  be  achieved  if  the  end  of  the  set  screw  is  filled 
with  a  soft  material  such  as  lead  or  copper.     Such  a  screw,  or  at  least 
the  filling,  would  still  have  to  be  replaced  periodically.    Various  meth- 
ods of  rigidly  holding  the  tools,  such  as  epoxying  or  brazing,  appear  to 
be  impractical.    The  misfit  problem  might  be  reduced  by  filling  the  empty 
regions  with  a  glue- like  material  that  transmits  60  kHz  vibration  and  can 
be  put  in  and  removed  easily.     It  is  also  possible  that  a  replaceable 
metal -foil  gasket  could  be  used  for  this  purpose.    The  geometry  of  the 
hole  could  be  modified  by  enlarging  it  everywhere  except  directly  behind 
the  set  screw  so  that  all  motion  originates  from  a  much  smaller  area. 

(G.  G.  Harman) 
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Fig.  2-17.    Vibration  modes  of  a  short  ultrasonic  bonding  tool. 
The  tool  was  removed  after  taking  the  data  A  and  then  replaced  to 
the  same  extension  for  taking  the  data  B.    The  vibrational  amplitude 
of  the  horn  which  is  in  general  less  than  that  of  the  tool  tip,  is 
indicated  by  the  dotted  part  of  the  figure.    Data  for  both  extensions 
were  taken  with  the  same  power  setting  on  the  ultrasonic  supply, 
although  the  frequency  was  retuned  slightly  for  maximum  amplitude  in 
each  case.    Amplitudes  are  relative  values  consistent  within  a  given 
figure;  they  cannot  be  compared  directly  with  other  figures. 


Fig.  2-18.    Hole  in  an  ultrasonic 

transducer  horn  through 
which  the  bonding  tool 
is  inserted.     The  dark 
area  on  the  left  is  a 
part  of  the  thread  for 
the  set  screw.  The 
photograph  clearly  shows 
irregularities  on  the 
wall  of  the  hole.  Mag- 
nification is  approxi- 
mately 18  times. 
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2.3.10    Effect  of  Power  Supply  Impedccnoe  on  the 


Q  of  the  Ultvasonio  System 


[527]      Previously  published  work  has  shown  that  slight  changes  in  the  power  sup- 
ply impedance  can  have  a  significant  effect  on  the  mechanical  Q  of  the 
wire  bond  system  (NBS  Tech.  Note  495,  pp.  26-28).    These  measurements 
were  made  with  special  laboratory  amplifiers  in  which  the  current  or 
voltage  was  individually  controlled.    Similar  measurements  have  now  been 
made  with  three  commercially  available  ultrasonic  wire  bonding  power  sup- 
plies which  were  used  to  drive  the  same  transducer-tool  combination.  The 
vibration  amplitude  was  measured  with  a  capacitor  microphone* positioned 
near  the  tip  of  the  bonding  tool.    Mechanical  resonance  curves  obtained 
with  these  three  power  supplies  are  shown  in  Fig.  2-19.    As  would  be  ex- 
pected from  the  earlier  results,  it  was  found  that  the  mechanical  Q  of 
the  system  was  lowest  when  driven  with  a  constant  current  source  (curve  a) , 
intermediate  when  driven  with  a  constant  power  source  (curve  c) ,  and 
highest  when  driven  with  a  constant  voltage  source  (curve  b) .    For  these 
tests,  a  0.828-in.   (21 -mm)  long  bonding  tool  was  used  with  an  extension  of 
0.555  in.   (14  mm)  below  the  horn,  which  is  commonly  used  on  some  bonders. 

[495]      In  addition  to  the  main  resonance  curves  around  the  normal  60-kHz  oper- 
ating frequency,  it  was  found  that  there  were  from  13  to  18  other  reso- 
nances between  7  and  90  kHz.    Different  bonding  tool  extensions  slightly 
affect  the  main  60-kHz  resonant  frequency  but  the  existence  of  many  other 
resonances  are  strongly  dependent  on  specific  tool  extension  lengths. 

(G.  G.  Harman) 


2.3.11    The  Swept  Fvequenoy  Mode  of  Tower  Supply  Operation 

[495]      The  capacitor  microphone  was  used  to  examine  the  bonding  tool  tip  vibra- 
tion amplitude  while  the  transducer  was  driven  in  the  swept -frequency 
mode  with  a  medium  Q  system.    The  envelope  of  the  displacement  amplitude 
for  three  values  of  the  center  frequency,  fo,  is  displayed  in  Fig.  2-20. 
The  shape  of  the  envelope  can  be  changed  significantly  by  relatively 
small  changes  in  the  center  frequency.    Thus,  to  maintain  reproducible 
bonding  conditions,  it  is  necessary  both  to  have  a  stable  oscillator  and 
to  exercise  care  in  tuning  the  ultrasonic  system,  even  when  the  swept - 
frequency  mode  is  used.    Frequency  modulation  of  the  power  supply  oscil- 
lator is  often  used  to  reduce  the  problems  associated  with  thermal  drift 
and  oscillator  instabilities,  but  as  seen  in  Fig.  2-20  more  problems  may 
be  created  than  solved. 


It  is  essential  that  the  microphone  have  a  flat  frequency  response  in 
the  59-63  kHz  range  [see  NBS  Tech.  Note  573  p.  5],  otherwise  the 
resonance  curves  will  appear  skewed  and/or  flat  on  top. 
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Fig.  2-19.    Mechanical  resonance  curves  taken  with  a  capacitor  microphone 
using  the  same  tool  and  transducer,  driven  by  three  different  ultrasonic 
power  supplies.     In  each  case  the  tool  extension  is  0.555  in. 
a:    Constant  current  source, 
b:    Constant  voltage  source. 

c:    Constant  power  source.     (The  sweep  range  indicated  is  that  provided 
with  this  supply,  see  Fig.  2-20  and  -21d.) 
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Fig.  2-20.  Three  oscillograms  of  the  sound  pressure  from  the  tip  of  a  bond- 
ing tool.     These  patterns  result  from  sweeping  the  frequency  of 
the  power  supply  by  approximately  1200  Hz.     The  vertical  axis  is 
proportional  to  bonding  tool  displacement.     The  horizontal  axis 
is  time  (1  ms/division) .     The  sweep  period  is  about  4  ms. 
A:     fQ  =  60.50  kHz  (manufacturer's  specification). 
B:     fg  =  51.00  kHz  (system  was  tuned  to  give  maximum 

ultrasonic  output  without  sweeping). 
C:     fQ  =  61.38  kHz  (pattern  least  affected  by  slight 
detuning  of  the  center  frequency). 
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In  order  to  understand  the  various  effects  displayed  in  Fig.  2-20,  par- 
ticularly the  waveshape  asymetries,  various  frequency  and  amplitude  modu- 
lations were  applied  to  the  power  supply  oscillator  and  the  results  were 
studied  by  monitoring  the  bonding  tool  tip  vibration. 

The  vibration  amplitude  response  to  a  square-wave  modulation  voltage 
which  turns  the  60  kHz  supply  on  and  off  sharply  is  shown  in  Fig.  2 -2 la. 
The  rise  time  (10  to  90  percent)  was  1  ms  whereas  the  rise  time  of  the 
modulating  pulse  was  «0.1  of  this  value.    The  mechanical  Q  calculated 
from  the  time  required  for  the  amplitude  to  decay  to  one  half  its  equi- 
librium value  agrees  very  well  with  the  measured  static  Q  of  the  same 
system  (curve  c.  Fig.  2-19),  approximately  135. 

A  linear  frequency  drive  was  introduced  into  the  power  supply  oscillator 
by  means  of  a  triangular -wave  modulation  voltage  with  the  result  shown  in 
Fig.  2-21b.    The  frequency  changed  linearly  with  voltage,  but  the  vibra- 
tion amplitude  envelopes  for  increasing  and  decreasing  frequency  were  not 
the  same.    The  decreasing  frequency  envelope  resembles  a  normal  resonance 
curve;  however,  the  increasing  frequency  envelope  was  compressed  toward 
the  high  frequency  end.    This  effect  is  presumed  to  result  from  the  slow 
mechanical  rise  time  of  the  system.     In  the  increasing  frequency  case, 
not  only  the  tool  tip  amplitude  but  also  the  frequency  is  increasing. 
Thus  the  net  acceleration  of  the  motion  is  significantly  higher,  equiva- 
lent to  frequency  modulation  at  a  considerably  higher  sweep  rate.  Con- 
versely, by  sweeping  toward  lower  frequencies,  a  lower  mechanical  accel- 
eration is  applied  to  the  system,  and  a  more  nearly  quasi-static  sweep 
results. 

If  the  slow  mechanical  response  of  the  system  is  taken  into  account,  it 
is  possible,  by  adjusting  the  sweep  rate,  amplitude,  and  center  frequency, 
and  by  using  a  saw-tooth  modulation  voltage  to  obtain  a  symmetrical  sys- 
tem response  curve  that  is  closely  related  to  the  static  resonance  curve, 
c,  of  Fig.  2-19.      The  result  shown  in  Fig.  2-21c  was  obtained  on  the 
same  transducer-tool  system  v;ith  the  same  tool  extension  and  the  same 
power  supply  as  were  used  to  obtain  the  static  resonance  curve. 

Studies  of  the  frequency  modulation  in  some  commercial  power  supplies 
have  revealed  that  the  frequency  may  not  always  be  swept  through  the  en- 
tire static  resonance  peak.     In  a  typical  case  the  sweep  starts  from  the 
lower  frequency  side,  barely  goes  to  the  resonance  peak,  and  then  returns 
toward  lower  frequencies.    The  result  shown  in  Fig.  2-21d  was  obtained 
when  the  transducer  system  was  tuned  by  the  manufacturer's  recommended 
method.    The  sweep  range  for  this  case  was  shown  in  Fig.  2-19c.     Such  a 
partial  sweep  may  create  problems.     If  the  ambient  temperature  changes, 
causing  the  resonant  frequency  of  the  oscillator  or  the  transducer  to 
drift,  then  the  sweep  frequency  may  not  reach  the  top  of  the  mechanical 
resonance  curve  and  the  vibration  amplitude  will  be  too  low  for  bonding. 

CG.  G.  Harman) 
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a:     Square-wave  modulation. 


b: 


Triangular-wave  modulation. 


Saw-tooth  modulation  (decreasing  frequency).        d:     Modulation  wave-form  supplied  with  power 


Top  curve:     Vibration  amplitude  of  the  tool  tip  as  measured 
with  a  capacitor  microphone. 
(Vertical  scale  —  0.5  mV/div) 
Bottom  curve;     Modulation  voltage  applied  to  oscillator. 
(Vertical  scale  —  a:     0.5  V/div; 

b,  c:     1  V/div; 
d:     0.1  V/div) 

Center  curve  (a  only):     Power  supply  oscillator  output  voltage. 
(Vertical  scale  —  2  V/div) 

(Horizontal  scale  —  a,  d:     1  ms/div; 

b,  c:     5  ms/div) 


Fig.   2-21.    Response  of  the  bonding  tool  vibration  amplitude  to  frequency 
modulation  of  the  power  supply  oscillator 
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2.3.12    Studies  of  a  Cormercial  Phase-Loaked-Loop 
Ultrasomc  Power  Supply 

An  investigation  was  made  of  a  five-watt  ultrasonic  power  supply-trans-  [806] 
ducer  system  that  incorporated  a  self-tuning  phase-locked-loop  circuit  to 
keep  the  system  peak-tuned  during  bonding  .    The  manufacturer  no  longer 
produces  ultrasonic  equipment  but  many  of  these  units  are  in  the  field, 
so  this  study  will  serve  to  point  out  possible  problems  to  users  and  to 
future  designers  of  such  equipment.    The  system  had  many  problems. 

Initial  coarse  tuning  was  done  by  selecting  a  switch  position  that  gave  a 
maximum  indication  on  the  panel  meter.    The  unit  could  apparently  be 
properly  tuned,  as  indicated  by  the  panel  meter,  in  three  of  the  eight 
switch  positions  without  a  load  on  the  transducer  (free  vibration) .  How- 
ever, it  was  observed,  with  a  capacitor  microphone  placed  near  the  tool 
tip,  that  only  one  of  these  switch  positions  would  result  in  normal  power 
being  delivered  to  the  tool  under  actual  bonding  conditions .    This  sit- 
uation was  more  frequently  observed  when  using  a  bonding  machine  that  re- 
quired a  long  (0.828  in.,  21  mm)  bonding  tool  rather  than  the  short 
(0.425  in.,  10.8  mm)  tool  and  when  using  a  relatively  long  bonding  time 
(approx.  100  ms) .    The  problem  is  clearly  shown  in  Fig.  2-22,  which  dis- 
plays three  oscillograms  of  the  60  kHz  bonding-tool-tip  vibration  envelope. 
Each  oscillogram  was  made  during  attempted  bonding  in  which  the  coarse 
tuning  switch  was  in  one  of  the  three  successive  positions  that  produced 
apparently  satisfactory  meter  tuning  under  no-load  conditions.    The  first 
attempted  bond  (2-22a)  was  nonadherent.    The  second  bond  (2-22b)  lifted 
off  with  very  low  bond  pull  strength,  because  the  phase-locked- 
loop  became  unlocked  in  the  middle  of  the  bonding  cycle.    The  final 
picture  (2-22c)  shows  the  wave-form  envelope  of  a  successful  bond  which 
was  made  with  the  tuning  switch  in  the  third  position.    Another  problem 
occurred  when  the  power  dial-setting  was  changed  significantly.    The  loop 
became  unlocked,  and  required  a  different  coarse-tuning  switch-position 
to  produce  the  desirable  bonding  waveform  of  Fig.  2-22c. 

Obviously,  such  unpredictable  responses  as  described  above  can  lead  to 
unreliable  wire  bonds.    Conversations  with  several  power  supply  users  in- 
dicated that  these  observations  were  not  unique  to  the  particular  power 
supply  that  was  studied.    The  reasons  for  such  problems  were  not  deter- 
mined, but  a  few  general  comments  are  appropriate.    An  ultrasonic  trans- 
ducer is  a  complex  electro-mechanical  device.    There  is  a  propagation 
time  delay  from  transducer  to  horn  to  tool  and  back.    This  may  change  the 
optimum  electrical  V-I  phase  relationship  during  the  complexly  varying  load 
conditions  encountered  in  bonding.    Under  those  conditions,  a  particular 
locked-phase  relationship  may  not  lead  to  the  optimum  resonant  frequency 
and  vibration  amplitude. 

In  principal,  at  least,  the  self-tuning  phase-locked-loop  approach  could 
offer  advantages  over  the  conventional  fixed  tuned  ultrasonic  power  sup- 
plies, particularly  for  large  wire  bonding,  where  the  bonding  forces  are 
very  high.    Under  such  bonding  conditions  the  mechanical  resonance  of  the 
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transducer-tool  system  may  change  more  than  a  thousand  hertz,  detuning 
the  system  significantly.    However,  considering  the  above  problems,  great 
care  in  design  and  testing  of  phase-locked-loop  power  supplies  should  be 
carried  out  before  manufacturing  them.  (G.  G.  Harman) 


56 


Fig.  2-22.     The  60  kHz  vibration  amplitude  envelope  detected  by  a 
capacitor  microphone  placed  near  the  tool  tip  during  attempted  bonding, 
using  a  phase-locked-loop  ultrasonic  power  supply.     Photographs  a,  b, 
and  c  were  made  with  the  coarse  tuning  switch  in  one  of  the  three 
successive  positions  that  produced  apparently  satisfactory  meter  tuning 
under  no  load  (free  vibration)  conditions.     Only  c  produced  satisfactory 
bonds.     The  vertical  scale  is  20  mv/cm  and  the  horizontal  scale  is 
20  ms/ cm . 
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3.0    IN-PROCESS  BOND  STUDIES,  AND  THE  MECHANISM  OF  ULTRASONIC  BONDING 


There    are  many  variables  that  can  affect  the  quality  of  ultrasonic  wire 
bonds.    These  include  the  machine  parameters  of  bonding-force,  time,  and 
ultrasonic  power;  the  shape  and  material  of  the  bonding  tool,  as  well  as 
the  condition   of  the  wire,  the  bonding  pads;  contamination,  rigidity  of 
the  substrate,  etc.    Hybrids  present  special  problems,  having  both  thick 
and  thin  film  bonding  pads  made  up  of  a  variety  of  metals.    Thus  it  would 
be  desirable  to  develop  measurement  methods  that  can  clearly  determine 
when  a  good  metallurgical  weld  has  been  achieved,  and,  possibly  using 
feedback,  to  alter  the  bonding  schedule  automatically  and  improve  a  weak 
bond.     In  order  to  achieve  this  goal  it  is  necessary  to  understand  the 
mechanism  of  ultrasonic  welding  as  well  as  how  the  various  ultrasonic 
components  function  during  that  process.    The  following  section  describes 
various  studies  pointed  toward  that  goal . 

3.1    In-Process  Bond-Quality  Studies 
3.1.1    Preliminary  Studies 

[495]      Several  methods  of  monitoring  ultrasonic  parameters  during  the  bonding 

operation  were  investigated.    The  first  method  used  a  non-contacting  mag- 
netic pickup  placed  near  the  tungsten  carbide  bonding  tool.    Tools  are 
weakly  ferromagnetic  since  the  tungsten  carbide  particles  are  cemented 
with  cobalt.    The  loading  of  the  bonding  tool  results  in  decreasing  tool 
velocity  or  vibrational  amplitude  and  hence  an  output  signal  that  de- 
creases in  amplitude  during  bond  formation.    Therefore,  this  method  af- 
fords some  indication  of  bond  quality.    There  was  some  inconvenience  in 
using  this  system  while  actually  making  a  bond  because  the  available 
shielded  polarized  magnetic  pickup  coil  was  larger  than  desired.  Instead 
of  monitoring  the  tool  tip  motion  it  integrates  the  motion  of  the  entire 
lower  vibration  loop  of  the  bonding  tool . 

Another  form  of  ultrasonic  parameter  monitoring  was  studied  by  observing 
the  60  kHz  voltage  applied  across  the  ultrasonic  transducer  from  a  rela- 
tively high  impedance  source.    The  transducer  which  drives  the  bonding 
tool  was  of  the  nickel  magnetostrictive  type  having  a  mechanical  Q  of 
about  130.    The  tool  loading  during  bond  formation  results  in  lowered  im- 
pedance of  the  transducer  and  a  corresponding  change  in  voltage  across 
the  transducer.    Thus  the  information  on  bond  quality  obtained  by  this 
method  is  presumably  similar  to  that  which  would  be  obtained  with  the 
magnetic  pickup  system. 

As  a  third  approach,  ceramic  transducers  were  placed  at  various  points  on 
the  ultrasonic  horn  and  on  the  tungsten  carbide  bonding  tool  [8] .  The 
bond  monitoring  information  obtained  from  this  system  was  similar  to  the 
other  methods.    The  high-impedance  transducer  required  electrostatic 
shielding  to  avoid  stray  pickup. 
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The  final  parameter  monitoring  experiment  involved  the  use  of  a  capacitor 
microphone  to  detect  the  ultrasonic  sound  pressure  radiated  from  the  bond- 
ing tool  during  bond  formation  [  9 ] . 

The  objective  of  these  initial  ultrasonic  bond  monitoring  studies  was  to 
assemble  equipment  and  survey  various  possible  monitoring  methods.  No 
statistical  study  of  the  resulting  bonds  was  made  and  no  single  method 
has  been  chosen  as  being  practical  for  in -process  bond  monitoring.  All 
of  these  methods  gave  similar  qualitative  results,  although  only  the 
microphone  gave  results  in  terms  of  known  parameters  and  offers  the 
possibility  of  studying  the  actual  tool  tip  motion.    All  methods  give  some 
information  on  the  bonding  tool  loading  as  manifested  by  a  decrease  in 
vibration  amplitude  due  to  deformation  of  the  wire.    Only  a  much  more  in- 
tensive investigation  can  determine  the  relative  sensitivity  of  each  meth- 
od to  subtle  changes  in  bonding  conditions.  (H.  K.  Kessler) 

3.1.2    Beat-Frequeney  Audio  Monitoring 

Experiments  were  undertaken  to  investigate  the  process  of  making  aluminum  [592] 
ultrasonic  wire  bonds  and,  if  possible,  to  develop  measurement  methods 
that  may  be  applicable  to  in -process  bond  quality  determination.  The 
initial  experiment  consisted  of  mixing  a  local  oscillator  with  the  output 
of  a  1/8  in.   (3.2  mm)  diameter  capacitor  microphone  having  a  frequency 
response  greater  than  200  kHz.    The  microphone  was  positioned  to  pick  up 
sound  emitted  from  the  tip  of  a  bonding  tool  during  actual  wire  bonding. 
The  mixer  output  was  fed  into  an  audio  amplifier  and  from  there  into  a 
speaker,  an  oscilloscope,  and  a  tape  recorder  as  shown  in  the  block  dia- 
gram of  Fig.  3-1.    This  apparatus  allows  the  bonding  machine  operator  to 
listen  to  an  audible  beat  frequency  sound  during  bond  formation.  Typ- 
ically, with  0.001  in  (25  ym)  diameter  alimiinum  wire,  an  ultrasonic  bond 
is  made  in  <100  ms,  which  is  too  short  a  time  for  the  human  ear  to  dis- 
tinguish small  amplitude  or  frequency  changes.    Therefore,  the  audio  beat 
frequency  was  recorded  on  magnetic  tape  and  later  played  back  at  a  slower 
rate  so  that  details  of  bonding  could  be  both  heard  and  carefully  examined 
on  an  oscilloscope.    Such  recordings  were  made  for  the  fundamental  tool 
vibration  frequency  through  the  fourth  harmonic,  the  extreme  response 
limit  of  the  microphone.    A  brief  investigation  extending  from  the  funda- 
mental to  the  fifteenth  harmonic  was  also  carried  out  using  the  voltage 
or  current  from  the  ultrasonic  power  supply  driving  the  transducer.  At 
times  the  bonding  machine  schedule  was  modified  by  reducing  the  ultrasonic 
power  and  increasing  the  bonding  time  so  that  the  bonding  process  could 
be  heard  more  clearly  in  real  time. 

This  initial  study  was  made  using  two  ultrasonic  power  supplies  of  dif- 
ferent manufacture.    However,  only  one  bonding  machine,  one  transducer, 
and  one  bonding  tool  extension  were  used  in  the  tests.    Some  variation  in 
the  results  could  be  expected  if  the  latter  two  had  also  been  changed. 
The  initial  results  were  dependent  on  the  particular  power  supply  used  to 
drive  the  transducer.    For  power  supply  A  there  was  a  few  percent  decrease 
in  the  60-kHz  tool  vibration  amplitude  during  bonding,  while  for  power 
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A  -  TRANSDUCER  E  -  AMPLIFIER 

B  -  BONDING  TOOL  F  -  OSCILLOSCOPE 

C  -  CAPACITOR  MICROPHONE  G  -  TAPE  RECORDER 

D  -  DOUBLE  BALANCED   MIXER  H  -  SPEAKER 


Fig.  3-1.     Schematic  representation  of  mixer  system  for  monitoring  ultra- 
sonic bond  formation. 


TAPER.  , 
MICROPHONE-v  \ 





VIBR4T10N  AMPLITUDE  (RELATIVE  VALUES) 


Fig.   3-2.    Most  desirable  placement  position  for  capacitor  microphone 
used  in  study  of  variations  in  vibration  amplitudes  of  the 
bonding  tool  at  the  fundamental  driving  frequency  and  its 
harmonics  during  bonding.     (Measurements  may  also  be  made  at 
the  upper  node,  but  with  somewhat  different  results.) 
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supply  B  there  was  a  20  percent  increase.    These  differences  are  presum- 
ably a  function  of  the  electronic  feedback  systems  in  each  power  supply 
as  well  as  the  method  of  transducer  drive,  which  is  constant  current  in 
one  and  constant  power  in  the  other.    As  would  be  expected,  differences 
were  observed  in  the  various  harmonic  relationships  during  bonding.  The 
second  harmonic  of  both  supplies  increased  in  amplitude  but  in  the  case 
of  power  supply  B  an  unusual  frequency  warbling  was  heard  during  part  of 
each  bond.    The  third  harmonic  of  power  supply  A  was  a  pure  tone  that  in- 
creased 5  to  6  dB  in  amplitude  as  the  tool  touched  the  wire  or  substrate. 
There  was  an  additional  increase  of  several  decibels  during  actual  bond- 
ing.   These  large  increases  in  third  harmonic  amplitude,  which  is  gen- 
erated by  the  changing  load  on  the  vibrating  tool,  are  in  general  agree- 
ment with  a  simple  theory  of  a  damped  mechanical  mass-spring  system  by 
Salzer  [10]. 

The  results  for  both  power  supplies  were  a  function  of  the  microphone 
pickup  position  with  respect  to  the  vibrating  bonding  tool.    The  largest 
amplitude  changes  were  obtained  with  the  microphone  near  the  bottom  of 
the  tool,  close  to  the  wire.    The  smallest  changes  were  observed  with  the 
microphone  in  front  of  the  transducer  horn.    Similar  small  changes  were 
also  observed  when  the  mixer  was  connected  directly  to  the  electrical 
drive  of  the  transducer. 

Audio  monitoring  studies  of  the  ultrasonic  bonding  process  were  made  with  [598] 
a  new  self-tuning  (but  not  a  phase-locked-loop  system)  transducer- 
power  supply  system.    During  normal  bonding,  the  fundamental  frequency 
was  observed  to  shift  by  several  hundred  hertz.    This  frequency  shift  was 
very  easily  distinguished  when  the  operator  listened  to  the  audible  beat 
frequency  of  the  second  (120  kHz)  or  third  (180  kHz)  harmonic.  Qualita- 
tive experiments  were  performed  under  a  number  of  conditions  and  on  dif- 
ferent substrates.    For  instance  when  the  wire  was  intentionally  placed 
near  the  edge  of  the  bonding  tool  the  sound  was  characteristic  of  the 
wire  being  squeezed  out  from  under  the  tool  when  the  ultrasonic  energy 
was  applied.    Different  sounds  were  heard  when  the  bonding  took  place  on 
a  normal  aluminum  bonding  pad,  on  silicon  oxide,  or  only  half  on  the  pad. 
Many  variables  were  encountered.    The  most  sensitive  response  was  ob- 
tained when  the  local  oscillator  was  on  the  low  side  of  the  particular 
harmonic  chosen  (generally  the  second  harmonic  was  preferred) . 

(G.  G.  Harman) 

3.1.3    Earmonio  Content  and  Thased  Burst  Studies 

A  new  approach  to  in  process  bonding  studies  that  does  not  involve  audio  [717] 
monitoring  was  initiated.    The  measurement  system  consists  of  a  capacitor 
microphone,  with  a  constricting  taper,  positioned  so  that  it  detects  only 
the  60  kHz  sound  pressure  emitted  from  the  bonding  tool  in  the  vicinity 
of  a  standing  wave  node,  as  shown  in  Fig.  3-2.    This  position  has  the  ad- 
vantage that  the  60-kHz  fundamental  is  essentially  cancelled  out.  Since 
higher  harmonics  do  not  share  the  lower  node  with  the  fundamental  under 
these  conditions,  their  relative  amplitude  is  enhanced.    For  this  appli- 
cation, a  hole  in  the  microphone  taper  (Section  1.1.1)  of  approximately 
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0.025  in.   (0.64-nim)  diameter  is  most  suitable  since  it  straddles  the 
node.    Under  loaded  conditions  when  the  tool  is  transmitting  ultrasonic 
energy  into  the  bond,  the  lower  node  (Fig.  3-2)  associated  with  the  fun- 
damental frequency,  shifts  by  approximately  0.015  in.  (0.38  mm).    As  a  re- 
sult, the  amplitude  of  the  fundamental  increases  by  about  a  factor  of  two, 
[727]      but  the  amplitudes  of  various  harmonics  increase  even  more.    For  this  ex- 
periment a  double-beam  oscilloscope  was  employed  so  that  the  entire  50  to 
100  ms  bonding  period  can  be  displayed  on  the  upper  beam,  while  the  wave- 
form in  any  selected  200  ys  portion  is  expanded  and  displayed  simultane- 
ously on  the  lower-beam.    A  marker  pulse  indicating  both  the  position  in 
time  and  the  width  of  the  expanded  portion  is  superimposed  on  the  upper- 
beam  bonding  signal.    A  simplified  diagram  of  the  apparatus  is  shown  in 
Fig.  3-3.    A  typical  oscilloscope  pattern,  obtained  while  making  a  normal 
bond  with  0.001-in.   (25-iim)  diameter  aluminum  wire,  is  shown  in  Fig.  3-4. 
This  bond  was  made  with  a  constant-amplitude  ultrasonic  drive  applied  to 
the  transducer. 

Other  experiments  were  carried  out  in  which  the  amplitude  of  this  drive 
was  briefly  increased  by  a  factor  of  two  to  four  for  a  short  period  during 
the  normal  bonding  time.     Fig.  3-5a  shows  an  oscilloscope  trace  of  ultra- 
sonic motion  measured  at  the  tip  of  the  vibrating  bonding  tool  rather 
than  at  a  node.    The  phased  burst  of  higher  amplitude  drive  is  clearly 
evident.     Fig.  3- 5b  gives  the  oscilloscope  pattern  from  the  node  observed 
while  a  bond  was  made  with  the  same  bonding  schedule  as  that  used  for  the 
pattern  shown  in  Fig.  3-4  except  that  a  phased  burst  was  added.  Note 
that  waveshape  distortion  is  greatest  during  the  burst  period  and  that  the 
envelope  amplitude,  a  monitor  of  the  nodal  shift  and  deformation,  does 
not  increase  significantly  after  the  burst.    The  bond,  however,  continues 
to  become  more  adherent  as  determined  by  a  shear  test  in  which  the  tool 
(without  ultrasonic  excitation)  is  pushed  against  a  portion  of  the  bond. 
A  study  of  such  bond  formation  patterns  has  indicated  that  the  burst  re- 
sulted in  the  greatest  increase  in  bond  adherence  when  it  was  phased  10 
to  15  ms  after  the  initiation  of  a  normal  50  ms  bonding  cycle.    A  typical 
burst  is  2  to  5  ms  long  and  is  empirically  adjusted  in  amplitude  so  that 
when  it  is  added  to  the  normal  bonding  amplitude  it  does  not  noticeably 
increase  the  bond  deformation.    The  burst  duration  is  adjusted  so  that 
the  burst  alone  will  not  make  a  bond.    These  adjustments  are  not  com- 
pletely independent. 

The  phased  burst  appears  to  increase  bond  adherence  without  increased  de- 
formation or  changed  cosmetic  appearance.    However,  this  work  has  been 
performed  as  a  laboratory  experiment    and  much  more  work  needs  to  be  done 
to  prove  that  it  is  useful  in  a  production  environment.    These  experi- 
ments were  performed  with  a  single  ultrasonic  power  supply-transducer 
combination  because  it  was  easily  adaptable  to  phased-burst  operation. 
Somewhat  different  oscilloscope  displays  were  obtained  when  a  different 
make  of  equipment  was  used.  (G.  G.  Harman) 
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TIME  PHASED  PULSE 


PHASED  -  DELAY 
PULSE  GENERATORS 


delayed  pulsed 
'trigger  for 
lower  beam 


Fig.  3-3.  Simplified  diagrain  of  the  pulse  delay  and  phasing  system 
used  to  monitor  and  study  ultrasonic  bonding. 


Fig.  3-4.     Bond  formation  pattern  of  a  typical  adherent  bond. 
The  upper  beam  trace  shows  the  entire  bonding  cycle.  Hori- 
zontal scale:     5  ms/div.     A  portion  of  this  trace  indicated 
by  the  arrow  is  expanded  on  the  lower  beam  trace.  Horizontal 
scale:     20  ys/div.     Vertical  scale  for  the  lower  trace  is 
about  4/5  of  that  for  the  upper  trace. 
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a.     The  upper  beam  trace  shows  the  ultrasonic  vibration 
envelope  of  the  motion  of  the  bonding  tool  tip,  demonstrat- 
ing the  amplitude  variations  in  a  phased  burst  bonding  cycle. 
Horizontal  scale:     5  ms/div.     The  portion  of  this  trace  in- 
dicated by  the  arrow  is  expanded  on  the  lower  beam  trace. 
Horizontal  scale  20  ps/div.     Vertical  scale  for  the  lower 
trace  is  about  1/2  that  for  the  upper  trace. 


b.     Bond  formation  pattern  of  a  typical  adherent  bond  made 
with  a  phased  burst  bonding  cycle.     The  two  traces  are  as 
described  in  Fig.  3-4.    except  that  the  vertical  scale  for 
the  lower  trace  is  about  2/3  that  for  the  upper  trace. 


Fig.  3-5.  Oscilloscope  displays  of  phased  burst  bonding 
cycle . 
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3.1.4    Short  Ultrasonia  Bonding  Tools 

1 

! 

I    Earlier  studies  involving  ultrasonic  bonding  tools  (section  2.3) 

were  confined  to  tools  of  conventional  design  made  of  tungsten  carbide. 
The  vibration  amplitude  of  these  tools  usually  remains  approximately  con- 
stant during  bonding.    Any  significant  amplitude  changes  that  may  occur 
generally  result  from  the  characteristics  of  the  particular  transducer  or 
ultrasonic  power  supply  rather  than  from  the  tool. 

I 

j    Recently,  a  tungsten  carbide  bonding  tool,  of  thin  design  (sometimes  [788] 
I    called  a  60  deg  tool  because  of  the  angle  that  the  wire  makes  with  the 
substrate)  and  a  titanium  carbide  tool  of  conventional  design  have  been 
introduced.    Since  these  two  tools  represent  significant  changes  from 
conventional  ones,  a  study  was  initiated  to  compare  all  three  types.  The 
data  reported  here  were  taken  using  a  single  commercial,  fixed-tuned, 
constant- current  ultrasonic  power  supply  and  matching  ferrite-drive 
transducer.    However,  additional  tests  were  performed  using  a  nickel 
magnetostrictive  transducer.    The  vibration  amplitude  of  the  tool  was 
measured  with  a  laser  interferometer;  measurements  were  also  made  with  a 
capacitor  microphone  which  had  a  4 -mil  (0.1-mm)  diameter  tip. 

'    All  amplitude  measurements  were  made  by  synchronizing  the  laser  inter- 
ferometer at  an  appropriate  time  during  normal  bond  formation,  generally 
j    within  the  final  5  ms.    The  actual  measurement  is  made  in  only  about 
I     10  ys.    The  results  were  displayed  on  a  double  beam  oscilloscope  and 
I    photographed.    A  typical  photograph  is  shown  in  Fig.  3-6.    The  upper 

trace  is  the  tool  tip  vibration  envelope  detected  with  a  capacitor  micro- 
phone.   The  arrow  near  the  end  of  the  envelope  indicates  the  time  of  the 
laser  interferometer  measurement.    The  lower  trace  is  the  interferometer 
wave  pattern.    Data  taken  from  traces  such  as  this  one  were  used  to  gen- 
erate the  modal  patterns  shown  in  subsequent  figures.    The  synchronization 
technique  was  also  used  to  expand  part  of  the  vibration  amplitude  envelope 
detected  by  the  capacitor  microphone  in  order  to  reveal  any  waveform  dis- 
tortions which  might  be  present  as  shown  in  subsequent  figures. 

Laser  interferometer  measurements  were  made  for  the  free  vibration  condi- 
j     tion,  in  which  the  tool  was  unloaded,  and  for  a  normal  bonding  load  of 
I     25  gf  (0.24  N) .    Measurements  on  the  unloaded  tool,  were  made  with  the  end 
of  the  transducer  horn  vibrating  with  an  amplitude  of  approximately  30 
yin.   (0.76  ym)  peak  to  peak  (p-p) .    Tliis  is  a  typical  horn  amplitude  for 
the  normal  bonding  of  1-mil  (25-ym)  diameter  wire;  the  modal  pattern  of 
the  bonding  tool  is  generally  such  that  the  vibration  amplitude  is  between 
40  and  50  yin.   (1.0  and  1.3  ym)  p-p  at  the  tip.    For  this  particular  power 
supply-transducer  combination,  the  horn  amplitude  decreased  about  25  per- 
cent the  moment  a  bonding  load  was  applied.    The  changing  modal  pattern 
of  conventionally  designed  tools  tends  to  increase  the  tip  amplitude  and 
thus  compensate  for  the  decreased  horn  amplitude.    For  convenience  of 
display  both  the  loaded  and  unloaded  modal  patterns  shown  in  Figs.  3-7  to 
3-9  have  been  normalized  to  a  constant  horn  amplitude.     Thus  while  the 
I     loaded  curves  may  have  a  higher  relative  amplitude  at  the  tool  tip  than 
the  unloaded  ones,  the  actual  amplitudes  under  normal  operating  conditions 
may  be  almost  equal. 


Fig.  3-6.      Photograph  of  typical  oscil- 
loscope traces  used  in  measuring  modal 
patterns  of  ultrasonic  bonding  tools. 

The  upper  trace  is  the  vibration  ampli- 
tude envelope  as  detected  by  a  capacitor 
microphone;  the  lower  trace  is  a  laser 
interferometer  pattern  taken  at  the  syn- 
chronization point  (arrow) .  Horizontal 
scale:     5  ms/div  (upper  trace),'  2  ys/div 
(lower  trace).    Vertical  scale: 
20  mV/div. 
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(a)  Modal  patterns:     Curve  1,  unloaded; 
Curve  3,  near  end  of  bonding  cycle. 
The  symmetry  of  the  vibration  is  indi- 
cated by  the  dotted  curves;  these 
mirror-image  amplitude  curves  are  omit- 
ted for  subsequent  figures.     The  large 
dark  area  (T)  represents  the  position 
and  amplitude  of  the  transducer  horn. 

0.010  in.  «0.25  mm;  10  yin.  ss 
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(b)  Vibration  amplitude  patterns  for 
unloaded  tool. 


i.c)  Vibration  amplitude  patterns  for 
tool  during, bonding. 


Fig.   3-7.     Modal  patterns  and  vibration  amplitude  envelopes  of  a  tungsten  car- 
bide bonding  tool  of  conventional  design.       In  (b)  and  (c)  the  upper  trace  is  the 
vibration  amplitude  envelope,  measured  35  mils  (0.9  mm)  above  the  tool  tip;  the 
lower  trace  is  the  amplitude  waveform  expanded  at  the  time  indicated  by  the  arrow. 
Horizontal  scales:     10  ms/div  (upper  trace);  20  ys/div  (lower  trace).  Vertical 
scales:     20  mV/div. 
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The  modal  patterns  and  vibration  amplitude  envelopes  of  a  tungsten  carbide 
tool  o£  conventional  design  are  shown  in  Fig.  3-7.     Loaded  nodes  are  sel- 
dom as  sharp  or  as  complete  as  the  unloaded  ones  as  can  be  seen  in  the 
modal  patterns  of  Fig.  3-7a.    The  nodal  position  during  bonding  is  a 
function  of  the  mechanical  loading  of  the  tool  tip  during  bonding;  this 
is  primarily  a  function  of  the  wire  deformation,  which  was  approximately 
1.6  for  the  case  shown.    A  smaller  deformation,  such  as  1.2,  may  result 
in  a  nodal  rise  of  only  20  to  25  mils  (0.50  to  0.64  mm)  from  the  unloaded 
position.    This  tool  showed  no  significant  change  in  tip  amplitude  during 
bonding,  but  such  changes  would  be  expected  to  become  more  significant  as 
the  bonding  force  is  increased  for  bonding  larger  diameter  wire.  Dushkes 
[11]  has  reported  reduction  of  tip  amplitude  under  such  conditions. 

The  upper  trace  in  Fig.  3-7b  is  the  vibration  amplitude  envelope  of  the 
unloaded  tool  as  detected  by  the  capacitor  microphone  placed  approximately 
35  mils  (0.9  mm)  above  the  tool  tip.    The  lower  landistorted  sine  wave  was 
expanded  from  the  envelope  at  the  position  of  the  arrow.    These  traces 
are  typical  of  those  observed  under  unloaded  conditions  on  all  the  tools 
in  the  present  study;  unloaded  traces  are  not  pictured  for  subsequent 
tools . 

The  traces  in  Fig.  3-7c  were  taken  from  the  same  tool  during  the  formation 
of  a  good  metallurgical  weld.    Although  the  envelope  (upper  trace)  is 
nearly  the  same  as  that  of  the  unloaded  case,  some  waveshape  distortion 
is  apparent  in  the  expanded  waveform  (lower  trace) .    The  degree  of  dis- 
tortion can  vary  considerably  if  a  different  transducer  or  a  bonding  tool 
of  similar  design  and  material  but  from  a  different  manufacturer  is  used. 
Some  tools  of  conventional  design  show  no  waveshape  distortion  during 
bonding.  . 

The  modal  patterns  of  a  titanium  carbide  tool  of  conventional  design 
under  both  loaded  and  unloaded  conditions  are  shown  in  Fig.  3-8a.  Tita- 
nium carbide  has  a  much  lower  density  and  is  more  flexible  than  tungsten 
carbide.    The  nodal  position  is  approximately  20  mils  (0.5  mm)  above  that 
of  a  tungsten  carbide  tool  of  the  same  geometry  (see  Fig.  3-7a) .    As  a  re- 
sult, the  vibration  amplitude  of  the  unloaded  tool  tip  is  about  20  per- 
cent greater  for  the  same  transducer  drive.    As  soon  as  the  tool  presses 
against  the  wire  with  the  normal  25  gf  (0.24  N)  bonding  force,  the  node 
becomes  blurred  and  almost  ceases  to  exist.    However,  except  for  this 
difference,  the  modal  pattern  has  the  same  general  appearance  as  that  of 
the  tungsten  carbide  tool  during  bonding.    The  traces  in  Fig.  3-8b  were 
taken  on  the  titanium  carbide  tool  under  the  same  loading  conditions  as 
the  traces  on  the  tungsten  carbide  tool  shown  in  Fig.  3-7c.    Although  the 
envelope  (upper  trace)  is  nearly  identical  with  that  of  the  unloaded 
tungsten  carbide  tool  (Fig.  3-7b) ,  some  distortion  is  evident  in  the  ex- 
panded waveform  (lower  trace) . 
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(a)  Modal  patterns:    Curve  1,  unloaded; 
Curve  3,  5  ms  before  end  of  bonding 
cycle.    Note:     0.010  in.  w  0.25  mm: 
10  yin.  «  0.25  ym. 


(b)  Vibration  amplitude  patterns  for 
.tool  during  bonding. 


Fig.  3-8.     Modal  patterns  and  vibration  amplitude  envelope  of  a  titanium 
carbide  bonding  tool  of  conventional  design.       In  (b)  the  upper  trace  is 
the  vibration  amplitude  envelope,  measured  35  mils  (0.9  mm)  above  the  tool 
tip;  the  lower  trace  is  the  amplitude  waveform  expanded  at  the  time  indicated 
by  the  arrow.     Horizontal  scales:     10  ms/div  (upper  trace);  20  ys/div 
(lower  trace).     Vertical  scales:     20  mV/div. 
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Characteristics  of  the  tungsten  carbide  tool  of  a  thin-line  design  are 
shown  in  Fig.  3-9.      This  tool  is  intended  to  fit  into  very  small  spaces 
and  also  to  be  used  in  forward,  or  post-to-die,  bonding.  Preliminary 
studies  suggested  that  this  tool  had  rather  unusual  operating  character- 
istics so  the  study  of  loading  effects  was  more  thorough  than  that  under- 
taken for  either  of  the  other  tools. 

The  laser  interferometer  was  synchronized  to  measure  the  vibration  ampli- 
tude 7  ms  after  the  initiation  of  bonding  and  again  5  ms  before  the  end 
of  the  bonding  cycle  for  each  bond  made.    Thus  it  was  possible  to  obtain 
two  different  modal  patterns  for  the  tool  during  actual  bonding  in  addi- 
tion to  the  unloaded  modal  pattern  as  shown  in  Fig.  3-9a.    At  each  posi- 
tion on  the  tool,  both  data  points  obtained  under  loaded  conditions  were 
obtained  during  the  same  bonding  cycle.    Although  severe  loading  of  the 
tip,  termed  "lug  down"  and  believed  to  contribute  to  erratic  bonding  by 
Dushkes  [11],  is  apparent  at  the  beginning  of  the  cycle,  it  is  especially 
pronounced  at  the  end  of  the  cycle.    An  interesting  feature  of  this  tool 
is  that  the  final  tool  tip  vibration  amplitude  is  less  than  two-thirds  of 
the  initial  amplitude. 

The  vibration  amplitude  envelope  at  a  position  approximately  35  mils  (0.9 
mm)  above  the  tool  tip  near  the  knee  of  the  loaded  modal  pattern  is  shown 
in  Fig.  3-9b.  This  envelope  is  asymmetrical  and  its  amplitude  increases 
with  time  in  a  way  similar  to  the  envelopes  shown  in  Figs.  3-7c  and  3-8b; 
this  is  in  agreement  with  the  modal  pattern  in  Fig.  3-9a.  The  distortion 
in  the  expanded  waveshape  in  the  lower  trace  also  exhibits  asymmetry. 

The  vibration  amplitude  envelope  and  the  distortion  in  the  expanded  wave- 
shape at  a  position  within  5  mils  (0.13  mm)  of  the  bottom  of  the  tool  ex- 
hibit substantially  different  characteristics  from  those  observed  higher 
on  the  tool.    These  characteristics  change  from  bond  to  bond.    Traces  for 
two  successive  bonds  are  shown  in  Figs.  3-9c  and  3-9d.    Both  bonds  re- 
sulted in  good  metallurgical  welds  and  were  visually  identical.  These 
traces,  taken  on  normal,  45  ms,  bonding  cycles  were  similar  to  others  at 
this  position  taken  on  the  longer  ('^^75  ms)  bonding  cycle.    The  initial 
peak-to-peak  vibration  amplitudes  of  the  tool  tip  during  these  and  other 
bonds  ranged  from  30  to  55  percent  higher  than  the  final  amplitude;  it 
should  be  noted  that  ultrasonic  power  is  proportional  to  the  square  of 
the  vibration  amplitude.    This  amplitude  variation  was  not  observed  in 
either  of  the  other  tools  studied;  in  those  cases,  changing  either  the 
microphone  position  or  the  bonding  time  resulted  in  no  significant  change 
in  the  envelope  or  the  distortion  of  the  expanded  waveshape. 

Vibration  amplitude  characteristics  of  the  bonding  tool  tip  during  at- 
tempted bond  formation  over  a  void  under  the  pad  to  obtain  a  poor  metal- 
lurgical weld  are  shown  in  Fig.  3-9e.    The  appearance  of  the  vibration 
amplitude  envelope  is  more  characteristic  of  a  position  higher  on  the 
tool  (see  Fig.  3-9b) .    Distortion  of  the  expanded  waveshape  is  the  most 
severe  observed  in  these  tests. 
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Fig.  3-9.     (a)  Modal  patterns:    Curve  1,  unloaded; 

Curve  2,  7  ms  after  beginning  of  bond- 

I  ing  cycle;  Curve  3,  5  ms  before  end  of 

i  bonding.    Each  point  on  the  loaded 

J  curves  (2  and  3)  are  an  average  ob- 

i  tained  from  3  bonds . 

■I 


Fig.  3-9    (b)  Vibration  amplitude  patterns, 

measured  35  mils  (0.9  mm)  above  the 
tool  tip,  for  a  bonding  cycle  which 
resulted  in  a  good  metallurgical 
weld. 
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(c)  Vibration  amplitude  patterns, 
measured  at  the  tool  tip,  during 
first  of  two  successive  bonding 
cycles  which  resulted  in  good 
metallurgical  welds. 


(d)  Vibration  amplitude  patterns, 
measured  at  the  tool  tip,  during 
second  of  two  successive  bonding 
cycles  which  resulted  in  good  met- 
allurgical welds. 


(e)  Vibration  amplitude  patterns, 
measured  at  the  tool  tip,  during 
formation  of  a  poor  bond.  This 
bond  was  intentionally  made  above 
a  void  under  the  bonding  pad. 


Fig.  3-9.     Modal  patterns  and  vibration  amplitude  envelopes  of  a  tungsten  car- 
bide tool  of  thin-line  design.      In  (b)-(e)  the  upper  trace  is  the  vibration  am- 
plitude envelope;  the  lower  trace  is  the  amplitude  waveform  expanded  at  the  time 
indicated  by  the  arrow.    Horizontal  scales:     10  ms/div  (upper  trace  (b)  ; 
5  ms/div  (upper  trace  (c)-(e));  20  ys/div  (lower  trace  (b)-(e)).    Vertical  scales: 
20  mV/div  ((b)-(e)).  • 
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These  results  suggest  that  the  thin-line  tool  apparently  has  some  ability 
to  compensate  for  slight  differences  in  the  substrate  or  wire  condition. 
On  the  basis  of  limited  tests,  not  described  in  detail,  it  appears  that 
this  tool  requires  careful  control  of  the  extension  of  the  tool  below  the 
transducer  horn  in  order  to  achieve  the  most  reproducible  results. 

(G.  G.  Harman) 

3.1.5    Long  Ultvasonia  Bonding  Tools 

The  same  measurement  techniques  and  equipment  described  above  were  used  [806] 

to  study  the  vibration  modes  of  long  [0.828  in.   (20  mm)]  bonding  tools. 

Only  two  tools  were  studied;  one  was  made  of  tungsten  carbide  (WC)  and  the 

other  was  of  titanium  carbide,  both  being  of  conventional  design.  The 

thin,  60*  tool  design  was  not  available  in  the  0.828  in.  length.  As 

above,  the  modal  patterns  were  normalized  to  the  same  30  uin.  (0.76  ym) 

p-p  transducer  horn  amplitude  for  clearest  display,  and  the  data  obtained 

during  bonding  was  taken  within  the  last  5  ms  of  the  bonding  cycle. 

Fig.  3-10  gives  the  modal  patterns  of  a  long  tungsten  carbide  bonding 

tool  set  to  a  manufacturers  recommended  extension  of  0.555  in  (14  mm) 

below  the  horn.    The  tool  extension  above  the  horn  approaches  a  quarter 

wave  length  and  thus  its  vibration  amplitude  is  several  times  that  of  the 

bottom.    Besides  the  double  node  the  major  difference  between  this  long 

tool  and  the  comparable  short  one  is  the  small  shift  in  nodal  position 

during  bonding.    The  nodal  rise  observed  with  this  long  tool  was  only 

0.015  to  0.020  in.   (0.38  to  0.50  mm)  resulting  in  a  negligible  vibration 

amplitude  increases  at  the  tool  tip. 

Fig.  3-11  gives  the  modal  pattern  of  a  long  titanium  carbide  bonding  tool. 
The  physical  characteristics  of  this  material  are  quite  different  from 
those  of  tungsten  carbide,  and  the  nodes  shift  more  under  load.    The  tool 
extension  above  the  transducer,  although  the  same  length  as  that  of  Fig. 
3-10,  is  no  longer  a  mechanical  quarter  wavelength  so  its  amplitude  is 
similar  to  that  of  the  tool  tip.    The  upward  nodal  shift  [approx.  0.03  in. 
(0.76  mm)]  during  bonding  is  not  quite  as  great  as  that  for  the  comparable 
short  tool  [approx.  0.05  in.    (0.13  mm)],  but  it  is  greater  than  that  of 
the  WC  tool  in  Fig.  3-10.    The  loaded  node  becomes  broad  and  imprecise 
as  on  the  short  tool,  but  again  to  a  lesser  extent.  (G.  G.  Harman) 

3.2    Studies  of  the  Ultrasonic  Bonding  Mechansim 

3.2.1    Bond  Lift-Off:    Laboratory  Experiments 

By  "studying  the  bonding  pad  after  a  bond  has  been  intentionally  lifted  or  [527] 
peeled  off,  the  "footprint"  pattern  of  bond  formation  can  be  seen.  The 
threshold  of  welding  can  be  observed  by  decreasing  either  the  power  or 
time  in  the  bonding  schedule  to  a  point  where  essentially  no  bonding  has 
taken  place.    This  experiment  was  performed  for  a  number  of  first  and 
second  bonds.    Examples  are  shown  in  Fig.  3-12.     (Bonding  machine  move- 
ment, during  bonding.  Section  2.2.1,  is  apparent  in  the  lift-off  pattern 
of  Fig.  3-12d.) 
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Fig.  3-12.  SEM  photomicrographs  (460X)  of  bond  lift-off 

patterns  for  first  bonds  made  at  different  time  settings  and 
constant  power  setting.     The  time  is  longest  for  case  (a) 
and  is  decreased  to  the  shortest  value  for  case  (d) .  Settings 
used  in  case  (a)  result  in  a  bond  which  will  adhere  to  the 
pad;  the  shorter  time  settings  do  not  produce  an  adherent 
bond.     The  scratches  on  the  bonding  pads  (which  result  from 
a  cleaning  process  no  longer  in  use)  are  smoothed. out  by  the 
impact  of  the  tool  compressing  the  wire  against  the  pads 
before  ultrasonic  energy  is  applied.     Note  also  the  apparent 
movement  during  bonding  exhibited  in  case  (d).     This  results 
from  mechanical  vibration  in  _he  bonding  machine. 


75 


There  are  general  characteristics  of  bond  patterns  which  can  be  observed. 
From  cases  in  which  very  low  power  or  short  time  was  used,  such  as  that 
shown  in  Fig.  3-12d,  it  is  apparent  that  much  of  the  wire  deformation  oc- 
curs before  welding  begins  and  is  due  to  the  impact  of  the  tool  against 
the  wire.    When  welding  begins,  it  starts  at  tiny  isolated  points,  gen- 
erally around  the  perimeter,  which  are  seldom  located  in  the  same  position 
for  successive  bonds.    Occasionally  the  weld  will  start  in  entirely  dif- 
ferent sections  of  the  bond.    An  example  of  two  consecutive  second  bonds 
made  with  the  same  bonding  conditions  is  shown  in  Fig.  3-13.    As  the  power 
or  time  is  increased,  the  weld  extends  to  other  areas.    The  center  is  the 
last  portion  to  weld.    Even  in  some  very  strong  bonds,  the  center  area 
may  remain  unbonded.    The  exact  way  the  weld  progresses  apparently  depends 
on  the  bonding  machine  design  (one  or  two  nodes  on  the  bonding  tool, 
the  angle  the  tool  makes  with  respect  to  the  substrate,  the  bonding 
schedule,  etc. ) . 

A  photomicrograph  of  an  ultrasonic  aliominum  wire-bond  lift-off  pattern 
that  was  obtained  by  carefully  peeling  off  a  bond  is  shown  in  Fig.  3-14. 
It  reveals  the  pattern  of  a  typical  ultrasonic  weld  made  with  one  type  of 
bonding  machine.    The  center  portion  of  the  bond  is  generally  not  welded. 
It  is  estimated  that  much  of  the  strength  of  such  bonds  is  due  to  the 
relatively  large  welded  area  at  the  heel  and  toe  of  the  bond.    The  photo- 
micrograph of  Fig.  3-i5  displays  the  same  features,  but  shows  both  the 
partially  removed  wire  and  the  pad.    Studies  with  different  bonding 
schedules  or  with  different  makes  of  bonding  machines  have  indicated  that 
in  some  bonds,  welding  may  extend  all  the  way  through  the  center.  There 
is  no  apparent  disadvantage  in  leaving  a  small  unwelded  area  in  the 
center.    Whether  an  unbonded  area  exists  or  not,  the  wire  can  be  strongly 
bonded  to  the  pad  so  that  its  failure  mode  in  a  pull  test  will  typically 
be  breakage  at  a  bond  heel.  (K.  0.  Leedy) 

3.2.2    Bond  Lift-Off:     Commevoial  Devices  

[560]      Bond  lift-off  patterns  have  been  observed  in  devices  intended  for  high- 
reliability  applications.    One  example  that  reveals  the  absence  of  weld- 
ing in  the  center  of  the  bond  is  shown  in  Fig.  3-16.    The  original  bond 
apparently  had  lifted  off  and  a  second  bond  was  made  to  the  pad.    A  pos- 
sible cause  for  the  lift  off  appears  to  be  an  abnormal  front-to-back 
motion  of  the  bonding  tool  with  respect  to  the  work  stage  that  presumably 
occurred  near  the  end  of  the  bonding  cycle. 

Another  example  of  a  lift-off  from  a  different  type  of  device  intended 
for  high-reliability  application  is  shown  in  Fig.  3-17.    Sideways  motion 
of  the  bonding  tool  relative  to  the  work  stage  is  evident  in  the  lift-off 
pattern.     Its  smooth  appearance  indicates  little  welding.    This  combined 
with  the  very  small  deformation  of  the  rebonded  wire  suggests  that  the 
bonding  schedule  used  for  these  bonds  was  in  the  underbonded  region  that 
produces  statistically  unreliable  bonds. 
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Fig.   3-13.    SEM  photomicrographs  (600X),  of  bond  lift-off 

patterns  for  two  second  bonds  made  consecutively  at 
identical  time  and  power  settings. 


Fig.  3-14.  SEM  photomicrograph  of  the  lift-off 
pattern  of  a  normal  bond  made  under 
laboratory  conditions.     The  pattern, 
which  clearly  reveals  the  unwelded 
center  portion  of  the  bonded  region, 
was  exposed  by  carefully  peeling 
back  the  bond.    Magnification:    510  X. 


Fig.   3-15.  SEM  photomicrograph  of  the  lift-off 
pattern  of  a  partially  removed  bond 
made  under  laboratory  conditions.  A 
similar  pattern  can  be  observed  on 
both  the  wire  and  the  pad.  Again 
the  center  portion  of  the  bonded 
region  is  not  welded.  Magnifica- 
fion:    900  X. 
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Fig.  3-16    SEM  photomicrograph  of  a  bond  and 

bonding  pad  from  a  commercial  device 
that  reveals  the  typical  unwelded 
area  noted  in  bonds  made  under  lab- 
oratory conditions.     The  device  was 
intended  for  high  reliability  appli- 
cation.    The  photomicrograph  shows 
a  probe  mark  (A)  and  rebond  (B) . 
The  original  bond  (C)  apparently 
lifted  off  because  it  was  weakened 
by  forward  motion  of  the  bonding 
tool.    Magnification:  520  X. 


Fig.  3-17 


SEM  photomicrograph  of  a  bond  and 
bonding  pad  from  a  commercial  device 
that  reveals  sideways  bonding  tool 
motion.     The  device  was  intended 
for  high  reliability  application. 
The  original  bond  (A)  lifted  off 
because  of  underbonding.    The  small 
deformation  of  the  rebonded  wire 
(B)  suggests  that  the  bonding 
schedule  used  in  making  this  device 
was  unchanged  after  the  failure  at  (A). 
An  electrical  test  probe  mark  is  also 
visible  (C).    Magnification:  540  x. 


3-18.  SEM  photomicrograph  of  a  bond  and 
bonding  pad  from  a  commercial  de- 
vice that  has  a  very  small  bonding 
pad.     The  device  was  intended  for 
high  reliability  application.  The 
lift  off  of  the  original  bond  (A) 
may  have  been  caused  by  overbonding 
or  poor  metallization.  Magnifi- 
cation: 475  X. 
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A  lift-off  pattern  that  shows  evidence  of  overbonding  (such  as  excessive 
power  or  time)  or  poor  metallization  is  shown  in  Fig.  3-18.    The  diffi- 
culties of  rebonding  to  a  very  small  pad  without  causing  an  electrical 
short  are  also  obvious  from  this  example.  (K.  0.  Leedy) 

3.2.3    Uttrasonic  Bonding  Mechanism 

In  order  to  gain  a  better  understanding  of  the  mechanisms  involved  in 
ultrasonic  wire  bonding,  experiments  have  been  performed  using  some  of 
the  techniques  previously  developed  in  this  Program,  such  as  examination 
of  bond  lift-off  patterns  with  the  SEM  and  measurement  of  the  bonding 
tool  vibration  amplitude  with  the  capacitor  microphone. 

Preliminary  results  of  this  work  were  reported  [12] ;  and  a  more  complete 
paper  has  been  recently  published  [13] .    Reprints  of  the  paper  are  avail- 
able from  the  authors.     Its  conclusions  were  the  following: 

1.  The  bonding  process  is  closely  related  to  ultrasonic  softening  of  the 
weldments.    Evidence  is  presented  to  suggest  that  heat  is  a  by-product 
of  the  softening  process,  not  the  contrary  as  has  been  generally  be- 
lieved, and  the  amount  of  heat  generated  alone  is  insufficient  to  ac- 
count for  the  welding  of  aluminum. 

2.  During  the  first  10  ms  or  so  after  ultrasonic  energy  is  applied,  lit- 
tle ultrasonic  energy  is  coupled  into  the  wire  and  bonding  pad  system 
as  evidenced  by  the  degree  of  loading  observed  in  the  tool.  However, 
it  is  during  this  period  that  the  first  metallurgical  welds  between 
the  wire  and  the  substrate  are  observed  to  develop,  thus  permitting 
subsequently  increased  coupling  of  energy  into  the  system.    After  10 
to  15  ms,  a  slower  growth  of  the  larger  welded  area  then  progresses 
as  the  wire  deforms. 

3.  The  deformation  of  the  wire  as  it  is  pushed  against  the  substrate, 
not  ultrasonic  vibration  or  sliding  of  the  wire,  breaks  up  and  sweeps 
aside  the  oxide  and  other  interfacial  contaminants  exposing  clean 
metal  surfaces  that  are  then  able  to  form  metallurgical  welds. 

4.  It  is  not  necessary  for  the  tool  to  grip  the  wire  and  slide  it  back 
and  forth  across  the  pad  to  achieve  bonding.     Instead  for  most  micro- 
electronic bonding,  the  ultrasonic  energy  is  coupled  into  the  system 
by  the  tool  moving  across  the  top  of  the  wire  at  all  stages  of  bond 
formation.    Tool-to-wire  coupling  takes  place  by  a  series  of  micro- 
welds  that  are  repeatedly  made  and  broken  as  the  tool  moves  back  and 
forth  across  the  wire  surface. 

(G.  G.  Harman  and  K.  0.  Leedy) 
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4.0    VARIOUS  EFFECTS  OF  BOND  GEOMETRY  AND  WIRE  CHARACTERISTICS 
4.1    Bond  Failure  Resulting  from  Device  Power  Cycling 
4.1.1    'fheoveticdl  Results 


[598]      In  some  applications,  such  as  telemetry,  transistors  are  operated  within 
their  power  ratings  but  are  subjected  to  cyclical  applications  of  power. 
Many  transistors  have  been  observed  to  fail  under  such  conditions  of 
thermal  cycling  at  slow  rates  (1  or  more  minutes  per  cycle) .    This  fail-  ; 
ure  has  been  traced  to  aluminum  interconnection  wire  fatigue  resulting  I 
from  repeated  thermal-expansion-induced  wire  flexing  [14,  15].    A  study 
was  made  of  the  wire  bond  flexure  resulting  from  such  cycling  of  2N2222 
(500  mW,  50  mA)  transistors.    This  low  current  does  not  produce  signifi- 
cant Joule  heating  of  the  lead  wires.*    However,  the  chip  may  reach  180^*0 
and  cause  considerable  thermal  expansion.    For  the  thermal  expansion  cal- 
culation, the  chip  was  assumed  to  be  the  sole  source  of  heat.    The  simple 
analysis  was  made  specifically  for  the  1-mil  (25- ym)  diameter, 
aluminum  wire  bonded  to  a  particular  transistor  in  a  TO-18  can.  Fig.  4-1, 
however,  it  is  generally  applicable  to  other  devices  with  similar  current 
and  power  ratings. 

It  was  found  that  the  changes  in  loop  height  and  the  angle  of  the  wire  at 
the  bond  heel  were  approximately  proportional  to  the  dissipated  power  and 
inversely  proportional  to  the  equilibrium  loop  height.    Since  wire  flex- 
ing is  reduced  as  the  loop  height  is  increased,  failures  due  to  wire 
flexing  are  minimized  if  a  large  loop  height  is  used. 

[733]      For  a  more  complete  solution  of  the  wire  flexing  problem  the  aluminum 

bonding  wire  was  modeled  to  compute  its  temperature  distribution  by  means 
of  the  TRUMP  program  [16].    The  model  was  idealized  in  that  the  wire  and 
post  were  assumed  collinear  with  a  butt  joint  type  of  bond.    For  junction 
temperatures  up  to  180*'C,  corresponding  to  the  rated  power  input  of  500 
mW,  it  was  found  that  the  temperature  distribution  was  linear  within  the 
wire  and  that  the  temperature  drop  along  the  wire  was  two -thirds  the 
junction-to-case  temperature  difference  whether  the  case  was  heat  sinked 
or  not.    Practically  all  of  the  remaining  third  of  the  temperature  drop 
occurred  in  the  post  very  close  to  the  joint.    The  physical  interpretation 
of  the  linear  temperature  distribution  is  that  heat  transfer  occurs  pre- 
dominantly by  conduction.    Radiation  is  less  than  a  thousandth  of  the  con- 
duction; heat  flow  by  convection  is  less  than  that  by  radiation.      Based  | 
on  manufacturer's  specifications  and  empirical  data  and  for  an  ambient  [ 
temperature  of  23'*C  the  junction  temperature  was  taken  as  Tj  =  23  +  0.314  P 
The  temperature  under  the  chip    is  T2  =  Tj  -  0.012  P,  and  the  case  temper- 
ature   is  T(;^  =  23  +  P°-^,  where  the  power  dissipation,  P,  is  in  milliwatts. 


In  an  earlier  analysis  [14]  of  lead  wire  flexing  due  to  heating,  the 
expansion  due  to  self  heating  by  high  current  pulses  was  primarily 
considered  although  chip  heating  was  involved. 
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Thermal  expansion  was  assumed  to  be  linear  over  the  test  range  and  the 
expansion  coefficients  were  taken  as  2,  5,  and  24  X  10"^/°C  for  silicon, 
iron-nickel -cobalt  header,  and  aliaminum,  respectively.    The  header  expan- 
sion was  assumed  to  be  due  only  to  the  change  in  case  temperature;  local 
heating  under  the  die  only  increases  internal  header  stress.    Chip  ex- 
pansion was  calculated  on  the  basis  of  a  uniform  temperature  taken  to  be 
the  arithmetical  average  of  the  top  and  bottom  temperatures.    The  change 
in  length  of  the  various  elements  is  then: 


thermal  expansion  coefficient  of  the  material,  and  T  is  the  temperature 
of  the  element,  a  function  of  the  power  dissipation,  P.    The  wire  is  at- 
tached at  points  on  the  post  and  the  chip.    The  bond-to -bond  distance,  L, 
is  given  by: 


where  d  is  the  bond-to-bond  distance  in  the  plane  of  the  header,  Y  is  the 
post  height  and  Z  is  the  die  height. 

Calculations  were  made  for  two  cases,  a  circular  arc  and  a  triangular 
wire  loop;  bending  moments  in  the  wire  were  neglected.    The  equation  for 
the  wire  length,  S,  in  the  circular  arc  model  is 


where  Sq  is  the  length  of  the  wire  at  23*'C,  a^i  is  the  thermal  expansion 
coefficient  for  aluminum,  Tj  is  the  junction  temperature,  and  T^;  is  the 
case  temperature.    The  equations  for  the  length  of  the  die  half,  a,  and 
the  post  half,  b,  of  the  wire  in  the  triangular  model  is 


L  =  [d2  +  (Y  -  Z)2]l/2, 


and 
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The  equation  for  post  height,  Y: 

19T^  +  T. 


Y  =  Yr 


^  '  \  y  20  23j 


where  Yq  is  the  post  height  at  23°C  and  a,^  is  the  thermal  expansion  co- 
efficient of  the  post  alloy,  gives  a  post  expansion  less  than  0.01  percent 
larger  than  that  obtained  previously  with  the  assumption  that  the  post  is 
at  the  case  temperature. 

[717]      The  flexure  can  be  defined  as  the  change  in  loop  height: 

'^"l  =  "l  -  "lo- 

The  functional  relationship  between  loop  height  and  the  lengths  S  and  L 
depends  on  the  shape  of  the  wire  loop.  If  the  wire  loop  is  in  the  form 
of  an  arc  of  a  circle,  the  loop  height  is  given  approximately  by: 

=  [3(3S  +  5L)   (S  -  L)]l/y8, 

If  the  loop  is  assumed  to  retain  its  circular  shape  during  flexing,  this 
expression  is  appropriate  for  calculations  before  and  after  flexing.  The 
calculation  is  made  by  selecting  a  value  for  Hlq  and  computing  Sq  to  ob- 
tain the  initial  condition.    Then  S,  L,  and  AHl  are  computed  for  various 
values  of  P  to  obtain  the  flexure  as  a  function  of  power  dissipation. 

If  the  wire  loop  is  in  the  form  of  a  triangle,  the  loop  height  is  given 
by: 

H^=  2[s  (s  -  a)  (s  -  b)  (s  -  L)]l/yL, 

where  a  +  b  =  S  and  s  =  (a  +  b  +  L)/2.    This  formulation  allows  the  dif- 
ference in  expansion  of  the  die  and  post  ends  of  the  wire,  which  results 
from  the  temperature  distribution  along  the  wire,  to  be  taken  into  ac- 
count . 

The  curves  of  flexure  (change  in  loop  height,  AHj^)  plotted  against  power 
input  to  the  jimction,  Pq,  (or,  equivalently,  junction  temperature,  Tj) 
are  shown  in  Fig.  4-2  for  initial  loop  heights,  Hiq,  of  50,  100,  250,  and 
500  ym  for  the  circular  arc  model  (dashed  lines)  and  the  triangular  model 
(solid  lines) . 

From  these  plots,  it  can  be  seen  that  regardless  of  the  details  of  the 
model  the  flexure  is  approximately  proportional  to  power  dissipated  and 
approximately  inversely  proportional  to  initial  loop  height. 

(W.  E.  Phillips) 
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Fig.  4-1.    Schematic  representation  of  device  structure  used  in  cal- 
culation of  wire-bond  flexure. 
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Fig.  4-2.    Wire-bond  flexure,  AH^,  as  a  function  ot  power  dissipation, 
Pj),  for  triangular  (solid  lines)  and  circular  arc  (dashed 
lines)  bond  loops  with  various  values  of  initial  loop  height, 
HlO*     (The  analysis  was  made  for  1  mil  diameter  post-to-die 
aluminum  wire  bonds  in  a  500-mW,  50-mA  silicon  transistor  in 
a  TO-18  can  with  post  and  header  of  the  usual  iron-nickel- 


cobalt  alloy, 
indicated. ) 


The  junction  temperature,  Tj,  is  also 
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Fig.  4-3.    SEM  photomicrographs  of  ultrasonic 
aluminum  wire  bonds  made  with  large  loop 
heights  showing  variation  in  bond  deforma- 
tion.      At  the  time  of  the  SEM  observations 
the  transistors  had  endured  76,000  power 
cycles.     The  hillock  growth  on  the  aluminum 
metallization  is  a  result  of  the  power 
cycling. 


b.     Average  bond  deformation    ^'^1.6  times  wire 
diameter  as  determined  from  head-on  SEM 
photomicrograph  .     Magnification  '^-460  X. 


a.  Small  bond  deformation  '^1.2  times  wire 
diameter  .     Magnification  '^585  X. 


c.     Large  bond  deformation    '^2.2  times  wire 
diameter  as  determined  from  head-on  SEM 
photomicrograph  .     Magnification  '^'230  X. 
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4.1.2    Experimental  Verification 


The  results  of  calculations  (4.1.1)  have  shown  that  an  increased  loop  [727] 
height  would  be  expected  to  minimize  wire  bond  flexure  during  slow  power 
cycling,  and  increase  the  life  of  the  devices.    Observations  were  carried 
out  with  a  scanning  electron  microscope  (SEM)  on  a  sampling  of  2N2222 
transistors  that  had  been  fabricated  with  one  mil  diameter  aluminum,  1% 
silicon  wire,  having  loop  heights  in  the  range  0.012  to  0.015  in.   (300  to 
375  urn),  significantly  higher  than  normal,  and  then  subjected  to  cycling 
at  full  rated  power  for  2  minutes  on  and  2  minutes  off*  at  the  NASA 
Marshall  Space  Flight  Center.    Five  devices,  part  of  a  lot  of  100  tran- 
sistors that  had  been  cycled  76,000  times  with  no  failures,  were  examined. 

There  was  considerable  variability  in  the  deformation  of  the  wire  bonds 
to  the  semiconductor  chip.     Based  on  the  observation  of  10  such  bonds,  it 
appeared  that  bond  deterioration,  such  as  heel  cracking  and  loss  of  mate- 
rial in  the  center  of  the  bond,  was  pronounced  when  the  bond  deformation 
was  greater  than  about  two  wire  diameters.    Typical  examples  are  shown 
in  the  SEM  photomicrographs  in  Fig.  4-3.    Despite  the  severe  bond  dete- 
rioration observed  in  some  cases,  the  remaining  95  devices  of  the  original 
group  have  withstood  30,000  additional  power  cycles  without  failure.  The 
long  life  of  these  devices  confirms  that  the  high  loop  heights  reduced 
wire  flexure  fatigue,  compared  to  earlier  devices  fabricated  with  the 
same  wire  but  having  loop  heights  of  only  4  to  5  mils  (0.1  to  0.13  mm). 
In  such  devices  failures  began  to  occur  from  a  few  hundred  to  a  few 
thousand  of  the  2  minutes  on  and  2  minutes  off  power  cycles .     In  addition 
to  producing  great  resistance  to  power-cycling-induced-failure,  such  high 
loops  also  result  in  high  bond  pull  strengths,  as  shown  in  section  4.2. 

(W.  E.  Phillips,  K.  0.  Leedy,  and  G.  G.  Harman) 

4.1.3    Conclusions:    Loop  Height  Requirements 

The  conclusion  of  this  study  is  that  for  one  mil  diameter  1%  silicon, 
aluminum  wire  in  geometries  similar  to  that  of  Fig.  4-1  a  loop  height  of 
10  to  12  mils  (0.25  to  0.3  mm)  should  give  the  optimum  practical  pro- 
tection against  power  or  thermal -cycle-induced  wire-flexure-fatigue. 


*   This  is  the  minimum  cycle  time  required  to  establish  thermal  equili- 
brium in  these  devices  on  each  half  of  the  cycle.    Decreasing  the  cycle 
time,  say  to  one  minute  on  and  one  off,  would  considerably  reduce  the 
change  in  temperature  (AT)  and  thus  the  amount  of  wire  flexing.  This 
would  extend  the  wire-bond  life  to  many  times  that  of  the  longer  cycle. 
Later  tests  carried  out  on  1%  magnesium,  aluminum  wire  under  the  same 
program  (Circuits  Manufacturing,  p.  22-30,  Jan.  1973)  used  the  shorter 
cycle  where  AT  may  only  be  30  to  50%  of  the  AT  experienced  by  the  high 
loop  devices. 
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This  conclusion  should  be  valid  for  other  geometries  as  long  as  the  ratio 
of  loop  height  (as  defined  in  Fig.  4-1)  to  bond  length  is  ~  25%.     It  will 
not  hold  for  large  wire  sizes  where  the  stiffness  of  the  wire  becomes  a 
significant  factor  in  the  flexibility  of  the  loop,  for  instance  aluminum 
wire  having  a  diameter  >  5  mils  (0.13  mm).    However,  ribbon  wire  (see  NBS 
Technical  Note  767)  of  large  cross  section  area  may  be  advantageous  in 
this  case. 

An  alternative  solution  to  using  1%  silicon,  aluminum  wire  with  large 
loop  heights  is  to  use  gold  bonding  wire  with  moderate  loop  heights.  The 
basis  for  the  above  flexure  calculations  was  the  differential  coefficient 
of  expansion  between  the  wire  and  the  iron-nickel-cobalt  alloy  header. 
This  differential  is  significantly  smaller  for  gold  than  for  aluminum 
wire.    The  use  of  gold  wire  with  the  same  loop  height  as  aluminum  reduces 
the  wire  flexing  in  the  device  by  about  one  half  for  the  same  power  dis- 
sipation.    In  addition,  gold  has  a  higher  metallurgical  resistance  to 
flexure  fatigue.    To  realize  the  advantages  of  gold  wire,  consideration 
must  be  given  to  the  possible  formation  of  intermetallic  compounds  if  the 
gold  wire  is  attached  directly  to  aluminum  films  and  is  subjected  to  a 
high  temperature  during  testing  or  operation.    Another  alternative  may  be 
the  use  of  1%  magnesium,  aluminum  wire  which  has  recently  been  suggested 
by  Ravi  and  Philofsky  [17]  as  a  metallurgical  improvement  over  the  usual 
1%  silicon,  aluminum  wire  to  reduce  flexure  fatigue.*        (W.  E.  Phillips) 

4.2    The  Effect  of  Loop  Height  on  Bond  Pull  Strength 


In  Section  4.1  it  was  shown  that  a  large  loop  height  increases  wire  bond 
reliability  during  power  (thermal)  cycling.    A  large  loop  height  also  has 
the  advantage  that  it  increases  the  bond  pull  strength.    Fig.  4-4  is  a 
calculated  pull  strength  vs  loop  height  curve  based  on  equations  published 
in  NBS  Technical  Note  726,  p.  60.    The  curve  is  calculated  specifically 
for  one  value  of  bond  to  bond  distance  (0.04  in.,  1  mm)  and  four  post 
heights,  rather  than  attempt  to  give  general  curves  in  terms  of  various 
parameters.    Everything  else  being  equal  the  general  conclusion,  large 
loops  yield  large  pull  strengths,  is  valid  for  any  device  geometry.  The 
results  of  this  type  of  resolution  of  forces  calculation  have  been  ex- 
perimentally verified  at  NBS  (see  NBS  Tech.  Note  788,  pp.  30-35).  The 
major  discrepancy  between  calculation  and  experiment  is  that  for  very 
large  loop  heights  (^  0.016  in.,  0.4  mm)  some  bonds  apparently  peel  off 
rather  than  break  at  the  bond  heel.    This  may  lead  to  a  more  rapid 
leveling  off  of  pull  strength  than  is  indicated  in  the  calculated  curve. 

(G.  G.  Harman) 


*  See  footnote  p.  85 
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4.3    A  Bond  Pull  Strength  Acceptance  Criterion  Based  on  Geometry 


[598]      Most  manufacturing  wire-bond  acceptance  criteria  do  not  take  into  account 
the  possibility  of  later  bond  degradation  that  may  result  from  the  oper- 
ating environment  of  the  finished  device.    Many  devices  or  systems  are 
turned  on  and  off  periodically  during  their  life  and  therefore  undergo 
heating  and  cooling  cycles.    This  causes  thermal -expansion-induced  wire 
flexing  that  can  eventually  result  in  bond  failure  (Section  4.1).  Avail- 
able data  [15]  indicate  that  failures  due  to  temperature-cycling  occur 
principally  at  the  bond  on  the  semiconductor  chip.    This  suggests  that  it 
is  desirable  to  have  a  bond  pull-strength  criterion  that  is  dependent 
upon  the  quality  of  the  metallurgical  weld,  the  bond  deformation,  and  any 
strain  or  cracking  in  the  bond  heel.    One  possible  criterion,  termed  bond 
efficiency,  that  may  satisfy  the  above  requirements  is  based  upon  the 
ratio  (expressed  as  percent)  of  the  actual  force  in  the  wire  T^  when  the 
bond  loop  breaks,  to  the  breaking  strength  of  the  wire,  T^.    Such  a 
criterion  has  been  used  in  the  resistance  welding  field  for  many  years 
with  acceptable  bond  efficiencies  generally  ranging  from  about  50  to  90%, 
depending  on  circumstances.    There  have  been  several  recent  references 
that  apply  this  bond  efficiency  concept  to  ultrasonic  wire  bonding 
[18,  19].    Bond  efficiencies  of  from  80  to  90%  have  been  achieved  using 
wires  of  very  different  tensile  strengths,  when  proper  bonding  machine 
parameters  were  chosen  [ 19] .     Similar  results  have  been  obtained  in  the 
present  NBS  wire  bonding  program.    Also  bonds  made  on  one  high-reliability 
production  line  show  bond  efficiencies  consistently  greater  than  60%,  and 
there  have  been  no  wire-bonding  field-failures  reported  in  the  several 
years  of  that  program. 

As  an  example  the  use  of  bond  efficiencies,  consider  a  typical  1  mil  (25  ynj 
diameter  aluminum  wire  with  a  breaking  strength  of  13  gf  (128  mN) .  If 
the  minimum  acceptable  value  of  T^/Ty^  be  chosen  as  60%,  a  bond  to  be 
acceptable  must  break  with  a  force  not  less  than  7.8  gf  (76  mN)  in  the 
wire.    To  translate  this  into  the  measured  pull  strength,  it  is  necessary 
to  consider  the  bond  to  bond  geometry.    Assuming  the  geometry  of  Fig.  4-1 
and  that  the  bond  loop  is  pulled  vertically,  halfway  between  the  bonds,  a 
pull  strength  of  3.3  gf  (32  mN)  would  be  obtained.    Additional  values  are 
given  in  Table  I.  (G.  G.  Harman) 
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Table  I 


Calculated  pull  strengths  in  grains  force  (gf)  for  the  three  values  of 
bond  efficiency  T'b/T-^  and  two  values  for  the  wire  breaking  strength,  T^. 
The  pull  strengths  are  calculated  by  the  resolution  of  forces  for  a  wire 
bond  of  a  typical  2N2222' transistor  mounted  in  a  TO-18  header  (see  Fig. 
4-1).    The  loop  height  used  is  4  mils.    For  an  8  mil  loop  multiply  the 
pull  strength  by    2  (see  Fig.  4-4). 


Bond  Efficiency 

Pull  Strength 

(g£) 

T,/T  (%) 
b    w  ^ 

T  = 
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13  gf  T 

=  18  gf 

w  ^ 

30 

1.6 

^  2.2 

50 
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2.7 

'V'  3.8 

70 

a- 

3.8 

5.4 
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4.4    The  Effect  of  Wire  Elongation  on  Bond  Pull  Strength 


There  are  many  situations  where  annealed  bonding  wire  is  used  in  semi- 
conductor devices.    Power  devices  may  use  large,  5-  to  20-mil  (0.13-  to 
0.5-mm)  diameter,  annealed  wire  having  elongations  of  up  to  20%.  Micro- 
electronic devices  are  often  made  in  ceramic  packages  that  are  subse- 
quently glass  sealed  at  approximately  500°C.    The  breaking  strength  of 
the  resulting  annealed  wire  may  be  less  than  one-third  of  its  precap 
value,  and  the  elongation  typically  increases  to  8  or  10%.    The  bond  pull 
strength  is  generally  expected  to  be  directly  proportional  to  the  re- 
duced breaking  strength  of  the  wire.    However,  the  bond  pull  strength  in 
typical  device  geometries  [4-  to  5-mil  (0.1-  to  0.13-mm)  loop  heights  and 
40-  to  50-mil  bond  lengths]  is  seldom  degraded  more  than  25%  by  annealing. 
The  reason  for  this  is  revealed  by  examining  the  effect  on  breaking 
strength  of  bond  loop  height  as  modified  by  wire  elongation. 

Section  4.2  showed  that  loop  height  is  an  important  factor  in  determining 
the  bond  pull  strength.    Thus  it  is  apparent  that  significant  wire  elon- 
gation during  bond  pulling  will  change  the  loop  height  and  affect  the 
magnitude  of  the  pull  strength.    Fig.  4-5  gives  the  loop  height  change 
vs  elongation  for  three  different  bond  to  bond  lengths,  all  starting  with 
the  same  initial  loop  height.    The  geometries  were  chosen  to  cover  those 
often  encountered  in  medium-  to  high-power  transistors  but  they  can  be 
linearly  scaled  down  to  appropriate  microelectronic  dimensions  as  long 
as  the  ratio  of  loop  height  to  bond  spacing  is  kept  constant. 

Fig.  4-6  shows  the  effect  of  this  wire  elongation  (incorporating  the  re- 
sulting loop  height  increase)  on  the  bond  pull  strength,  assuming  the 
same  initial  geometry  as  in  Fig.  4-5.     In  this  calculation,  all  bonds 
break  when  the  force  in  the  wire  reaches  500  grams,  a  reasonable  value 
for  10-mil  diameter  wire  bonds.     For  simplicity,  the  calculation  was 
made  for  single  level  bonds. 

In  practice,  for  different  wire  annealing  conditions  the  wire  breaking 
strength  and  the  elongation  are  inversely  proportional ,  as  indicated  by 
the  shaded  area  of  Fig.  4-6.    Specific  data  for  this  area  was  obtained  from 
stress  relieved  and  annealed,  10-mil  diameter,  aluminum  wire  alloys  con- 
taining 1%  silicon,  or  0.5%  and  1%  magnesium,  as  well  as  alloy  1100. 
Wire  from  different  manufacturers  or  even  different  lots  from  the  same 
manufacturer  will  vary  somewhat  but  the  general  shape  of  the  curve  will 
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Fig.  4-5.    The  effect  of  wire  elongation  on  the  final  loop  height  at  the 
point  of  wire  rupture  during  a  bond  pull  test.    All  bonds  had  the  same 
initial  loop  height,  20  mils  (0.5  mm)  but  three  bond  to  bond  lengths 
were  used. 
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WIRE  ELONGATION  (%) 


Fig.  4-6.     Bond  Pull  Strength  and  Wire  Breaking  Strength  vs  Wire  Elonga- 
tion.   The  solid  curves  are  bond  pull  strengths  based  on  the  geometries 
of  similar  lettered  curves  in  Fig.  4-5.    The  shaded  area  represents  the 
breaking  strengths  of  four  typical  10  mil  diameter  aluminum  wire  alloys 
in  the  stress  relieved  and  the  annealed  condition.    As  the  breaking 
strength  decreases  due  to  annealing,  the  elongation  increases. 
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be  similar.*    From  Fig.  4-6  it  is  apparent  that  the  tendency  of  the  bond 
pull  strength  to  decrease  with  decreasing  wire  breaking  strength  will  be 
partially  or  entirely  offset  by  the  increase  in  bond  pull  strength  re- 
sulting from  increased  wire  elongation.    Therefore,  the  pull  strengths 
tend  to  be  independent  of  the  wire  breaking  strength  for  many  common  de- 
vice geometries.    These  results  may  be  scaled  down  for  integrated  cir- 
cuits, except  that  small  diameter  annealed  wire  does  not  elongate  more 
than  approximately  10%. 

There  will  be  cases  where  the  effect  of  large  wire  elongations  can  sig- 
nificantly change  the  bond -pull  geometry  and  hence  the  measured  pull 
strength,  if  the  pulling  probe  (the  hook  and  arm)  is  flexible  or  is  free 
to  pivot       where  it  is  joined  with  the  force  gauge.    This  may  occur  in 
the  case  where  a  large  post  height  is  involved.    Here  the  wire  span  will 
be  considerably  longer  on  the  chip  side  of  the  hook  than  on  the  post 
side.    The  relatively  greater  increase  in  length  of  the  chip-side  span 
during  the  test  will  result  in  moving  the  hook  nearer  the  post  and  in 
pulling  on  the  wire  at  some  angle  from  the  vertical.    The  effect  will  be 
enhanced  if  the  pulling  hook  were  initially  placed  nearer  to  the  post 
than  to  the  chip  bond.    These  changes  in  the  bond  pull  geometry,  which 
can  result  in  lower  values  of  pull  strength,  must  be  taken  into  account 
in  any  pull  test  calculations.  (G.  G.  Harman) 


Hard  drawn  wire  (seldom  used  for  large  wire  bonding)  may  have  a  break- 
ing load  30%  higher,  but  an  elongation  only  slightly  lower  than  that 
of  stress  relieved  wire.    Use  of  the  hard  drawn  wire  could  therefore 
result  in  a  30%  higher  bond  pull  strength  than  that  obtained  from  the 
stress  relieved  or  annealed  wire.    Aluminum  wire  of  99.999%  purity 
(again  seldom  used)  has  a  breaking  strength  about  30%  lower  than  the 
alloys  shown  in  Fig.  4-6;  however,  the  elongation  may  be  as  high  as 
30%.     Due  to  the  complex  metallurgy  involved,  occasionally  wires  from 
any  manufacturer  will  fall  well  outside  the  shaded  area  of  Fig.  4-6. 
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4.5    Ultrasonic  Bondability  of  Gold  Wire 


[806]      A  series  of  experiments  was  run  to  determine  the  ultrasonic  bondability 
of  gold  wire  and  some  of  its  alloys.    Gold  wire  of  99.99  percent  purity, 
from  a  single  manufacturer  was  used.    The  wire  had  a  diameter  of  1  mil 
(0.025  mm),  a  tensile  strength  of  13  gf  (0.127  N) ,  and  an  elongation  less 
than  2  percent.    All  bonds  were  made  on  0.9-ym  thick  aliominum  bonding 
pads  evaporated  on  a  film  of  silicon  dioxide,  0.8  ym  thick,  thermally 
grown  on  a  silicon  slice.    A  formal  statistical  set-up  procedure  (section  i 
2.1)  was  carried  out  to  establish  the  appropriate  bonding  schedule. 
Bonding  forces  of  23,  30,  and  36  gf  (0.23,  0.29,  and  0.35  N) ;  bonding 
times  of  45,  70,  105,  135,  and  160  ms;  and  eight  ultrasonic  tool  tip 
vibration  amplitudes  in  the  range  20  to  85  yin.  (0.51  to  2.2  ym)  peak-to- 
peak  were  employed.    These  variations  were  carried  out  separately  on  both 
the  first  and  the  second  bonds.    Ten  to  fifteen  single-level  bonds,  with 
bond-to-bond  spacings  of  38  to  40  mils  (0.96  to  1.02  mm)  and  loop  heights 
of  11  to  12  mils  (0.28  to  0.30),  were  made  in  each  group  to  obtain  one 
datum.    The  optimum  force  and  time  were  found  to  be  30  gf  (0.29  N)  and 
45  ms,  respectively.    Measured  pull  strengths  of  bonds  made  with  these 
optimum  bonding  schedule  parameters  are  given  in  Fig.4-7a  as  a  function  of  t 
tool  tip  vibration  amplitude.    All  bond  loops  broke  or  lifted  off  at  the 
first  bond.    Also  shown  in  the  figure  are  the  average  wire  deformation  in 
wire  diameters  (upper  horizontal  axis)  and  power  supply  dial  setting 
(small  numbers  by  each  datum).    The  error  bars  represent  one  sample  stan- 
dard deviation  above  and  below  the  mean. 

From  resolution  of  forces  (NBS  Tech.  Note  726,  p.  60)  the  indicated  pull 
strength  is  also  the  actual  force  in  the  wire  at  rupture.    The  bond  ef- 
ficiency, the  ratio  of  pull  strength  to  wire  tensile  strength,  was  greater 
than  65  percent,  an  unexpectedly  high  value,  over  a  very  wide  range  of 
ultrasonic  power.    Even  at  very  large  bond  deformations  (3  wire  diameters) 
the  average  pull  strength  of  the  gold  wire  was  greater  than  7  gf  (0.069  NJl 
This  appears  to  be  possible  because  of  the  metallurgical  properties  of  ! 
gold.    Aluminum  is  reported  to  work  harden  during  ultrasonic  welding  [20] 
resulting  in  a  damaged,  brittle  bond  heel.    An  aluminum  wire  bond,  having 
the  same  deformation,  geometry,  and  wire  breaking  strength  as  the  gold 
wire  has  an  average  pull  strength  in  the  3  to  4  gf  (0.029  to  0.039  N) 
range.     A  comparison  bonding  machine  setup  for  aluminum  wire  made  with  the 
same  bonding  machine  used  for  the  gold  wire  is  given  in  Fig.  4- 7b.  The 
thinned,  widened  heel  of  a  gold  wire  bond  appears  to  retain  the  normal 
strength  of  its  remaining  cross  sectional  area  because  there  is  little 
ultrasonic  work  damage.     Such  strength  at  high  deformation  is  well  known 
in  thermocompression  wedge  bonding,  but  in  that  case  it  has  been  generally 
assumed  that  the  heat  during  bonding  is  sufficient  to  recrystallize  the 
material  as  it  is  being  deformed.  (C.  A.  Main  and  G.  G.  Harman) 
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TYPICAL  BUND  DEFORMATION 

1.4         1.6        2.0         2.0  2.4 
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30         40  50         60         70         80  90 

BONDING  TOOL  DISPLACEMENT  (/&in.) 

Fig.  4- 7a.     Bond  pull  strength  vs  bonding  tool  displacement  amplitude 
(ultrasonic  power)  and  bond  deformation,  for  1  mil  diameter  gold-wire 
bonded  to  thin-film  (0.8  ym)  aluminum  on  silicon.     The  error  bars  represent 
±  one  standard  deviation  of  the  mean,  and  the  small  numbers  under  the 
error  bars  are  the  ultrasonic  power  supply  power-dial  settings.  The 
bonding  force  was  30  gf.     The  bonding  time  was  45  ms,  and  the  bonding- 
tool  foot-length  was  4.5  mils   fO.ll  mm). 

TYPICAL  BOND  DEFORMATION  (wire  diameters) 
_  1.1      1.2     1.5     1.9     2.0    2.6  2.9 


20     30      40      50      60     70      80      90  100 
BONDING  TOOL  VIBRATION  AMPLITUDE  (/iin.p-p) 

Fig.  4-7b.     Bond  pull  strength  vs  bonding  tool  displacement  amplitude 
for  one  mil  diameter  1%  silicon  aluminum  wire.    The  bonding  parameters 
are  the  same  as  for  (a)  except  that  the  bonding  force  was  25  gf . 
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5.0  APPENDIX 

Free  Vibration  Modes  of  Bonding 
Tools.    (See  section  3.1.4-5  for 
Explanations) 
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5.0   APPENDIX  (continued) 

Vibration  Modes  of  Bonding  Tools 
While  Bonding  One  Mil  Diameter 
Aluminum  Wire.    Data  Taken  5  ms 
Before  End  of  Bonding.  (See 
section  3.1.4-5  for  Explanations) 
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